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BURXBD-HIDGE-STRIPED  PLANAR  GaAlAs/GaAs  LASERS 


May  1S90 


Major  Department:  Eleccrioal  Engineering 

First,  a novel  buried-ridge-striped  planar  IBRSP) 
GaAlAs/GaAs  laser  is  proposed,  analysed,  fabricated,  and 
tested.  The  BRSP  structure  is  grown  by  a two-step  liquid 
phase  epitaxy  (LPE)  scheme  using  preferential  growth  and 
preferential  melt-etch  techniques.  In  the  BRSP  structure,  a 
double  heterostructure  is  grown  above  an  inner  stripe  which 
is  formed  by  preferential  growth  of  a n-Gai-yAlyAs  current 


blocking  layer  outside  a 
preferential  melt-etch  of  the 
ridge.  The  A1  mole  fraction  j 


p-Gai-xAl*A8  ridge 


bloching  layer  c 
mole  fraction  x 


: widely  varied  (y  > 0.05)  from  the  S 
le  p-Gai-xAlxAs  buried-ridge . Thus,  th 


index  steps,  e.g.,  positive,  negative,  and 


complex  index 


To  analyse  the  3 
donain  effective  index 
domain.  The  analyeia 
positive  and  negative  step  structure,  the  imaginary  part  of 
the  effective  index  exhibits  a relatively  small  step  between 


SP  structure,  the  conventional  real 
method  is  extended  into  the  complex 
at  threshold  shows  that,  in  both 


I complex  step 


induced 


the  stripe  and  outside  region.  However, 
structures,  the  imaginary  part  of  the  effective  i 
large  step  and  is  hardly  affected  by  the  g 
refractive  index  change  dOg.  As  a result,  in  this  case  the 
lateral  mode  is  very  stable.  The  measured  threshold  current 
and  the  external  differential  efficiency  of  the  BRSP 
structure  were  70  - 100  mA  and  25  - 35  %,  respectively.  As 
expected,  two-lobed  far  field  patterns  were  obtained  in  the 
negative  step  structure  while  slngle-lobed  far  field  patterns 
were  observed  in  both  Che  positive  and  the  cong>iex  step 


Second,  a novel  separated  large  optical  cavity  (SLOC) 
erne  was  proposed  and  demonstrated.  The  coupling  between 


normal  modes  of  the  composite 
active  guide  and  the  SLOC  guide, 
increases  the  effective  transverse 
the  maximum  available  output  power 
about  twice  that  of  the  standard  non 


! consisting  of  the 
r gain  conditions, 

structure,  although 


threshold  is  higher. 


CHAPTER 


INTRODUCTION 


9 continuous-wa 


e GaAs/6aAlAs 


s raallaed  a 


iL  tenperacure  i 


IHayaTO,  Haya84J,  the  reaeareh  empBaala  has  been  to  develop 
diode  laser  structures  capable  of  controlling  the  modal 
behavior  in  spatial  domain  [Bote85).  The  mode  stabilisation 
In  the  transverse  direction  can  easily  be  achieved  by 
reducing  the  active  layer  thickness.  The  thinner  active  layer 
reduced  threshold 


' provides  other  benefits,  : 


be  stabilised  in  the  lateral  direction  by  similarly  reducing 
the  lateral  dimension  of  the  device  (Che  current  inlection 
stripe);  however,  the  available  output  power  would  be 
severely  limited  with  a very  narrow  stripe. 

High  power  lasers  invariably  use  larger  stripe  widths 
resulting  in  larger  mode  volume.  However,  in  this  case,  the 
modes  often  become  unstable.  Therefore,  tor  better 
stabilisation  with  reasonably  wide  stripe,  It  will  be  useful 
Co  incorporate  an  optical  guiding  mechanism  In  the  lateral 
direction,  the  so-called  the  built-in  effective  index  step. 
Conventionally  two  types  of  effective  index  steps,  i.e.,  the 
positive  step  [SaicSOl  and  the  complex  step  [KuroTB]  have 
been  investigated  in  detail.  The  effective  index 
configuration  shown  in  Figure  1.1  is  called  the  positive 


Ni  > N[i 


Figure  1.1  A positive  effeetive  index  step  structure 
effective  index  in  region  I,  Nj  is  larger' 
the  effective  index  in  region  II,  Uu. 


effective  Intfex  step  since  the  effective  index  in  the  stripe 
region  is  higher  than  that  outside  the  stripe.  In  general,  a 
mode  tends  to  propagate  in  the  region  of  higher  effective 
Index-  Thus,  in  the  positive  index  step  structure,  the  mode 
is  stabilized  Inside  the  stripe  region.  On  the  other  hand,  in 
the  complex  effective  index  step  structure  shown  in  Figure 
1-2,  the  mode  index  (effective  index)  outside  the  stripe  has 


a complex  number  with  a large  imaginary  part  (large  mode 
loss).  *s  a result,  in  a complex  effective  index  step 
structure,  the  mode  tends  to  be  stabilised  inside  the  stripe, 
since  the  mode  experiences  significantly  larger  loss  outside 
the  stripe.  Recently,  however,  another  type  of  effective 
index  step  known  as  the  negative  step  has  received 
considerable  attention  due  to  its  excellent  performance  in 
linear  arrays.  Figure  1,3  shows  the  effective  index 
configuration  tor  the  negative  step  (Kajn?)  in  which  the 
effective  index  in  the  stripe  region  is  smaller  than  that 
outaide  the  stripe.  Both  the  negative  and  the  complex  step 
structures  are  very  lossy.  However,  by  compensating  the 
structure  loss  with  gain,  guiding  can  be  achieved  even  in 


It  is  well  known  chat  the  negative  effective  index  step 
provides  very  strong  lateral  coupling  between  elements, 
leading  to  a very  stable  array  mode  operation  (BoteSB, 
Haws88,  MawseSl.  Conventional  linear  array  lasers  which 
utilize  mostly  the  complex  effective  index  step  [Boceeil  are 
not  quite  useful  since  significant  substrate  radiation  lose 


Figure  1.2  A conplex  effective  index  step  structure.  The 
effective  index  in  region  II,  Ni'i  is  a complex 
number  with  a large  imaginary  part. 


Ni  < Nn 


Figure  1.3  R negative  effective  index  step  structure. 

effective  index  in  region  I,  Nj  Is  smaller 
the  effective  index  in  region  II,  Nn. 


between  elements  minimiies  the  lateral  coupling  effect  as 
shown  schematically  in  Figure  1.4. 

The  main  objective  of  this  dissertation  is  to  develop  a 
new  GaAlAs/Gahs  diode  laser  geometry  capable  of  controlling 
Che  effective  Index  with  sufficient  flexibility.  Not  many 
diode  laser  geometries  developed  so  far,  can  incorporate  the 


various  kinds  of  effective  index  steps,  e.g,,  positive, 
negative,  and  complex  index  steps.  For  example,  only  the 
positive  effective  Index  step  is  available  in  the  ridge 
waveguide  structure  [Nodaflll,  and  the  channeled  substrate 
planar  structure  IKuro78]  incorporates  only  the  complex 
effective  index  step.  One  exception  is  the  burled 
heterostroeture  in  which  the  effective  index  step  can  easily 
be  controlled  over  a wide  range  by  varying  the  refractive 
index  of  the  burying  layer  [KajillJ.  However,  the  burled 
hetero-structure  Is  not  quite  useful  for  linear  array 
applications.  The  strong  lateral  coupling  between  elements  is 
not  available  in  a linear  array  laser  using  a negative  step 
(anti-guide  or  leaky-guide)  buried  heterostructure  lAoklSl], 
since  the  diffraction  loss  would  be  very  high  between 
elements  with  no  optical  guide  mechanism,  as  shown 
sehematicaliy  in  Figure  i.S. 

This  dissertation  describes  the  development,  in 
particular,  of  a novel  GaAlAs/GaAs  diode  laser  geometry 
namely  the  buried-ridge  striped  planar  (BRSPI  structure  and 


the  separated  large  optical  cavity  (SLOG)  structure.  The  BRSP 


GaAs  current 
blocKjng  layer 


QaAs  (substrate) 


GaAlAs 

layer  GaAs  (substrate) 


Figure  1. 


leaky  rac 


:ouplet 


(LPE)  acheme  using  preferential  growth  and  melt-etch 
techniques,  and  incorporates  the  various  effective  Index 
steps,  described  above,  in  a configuration  with  a continuous 
active  layer. 


effective  index  m 


a extended  i 


conventional 
j the  complex  domain. 

any  of  the  distinctive 
transverse  or  the  leteral  direction, 
general,  by  using  the  conventional 
The  complex  domain 
simplicity  of  the 
the  effective  index 


complex  propagation 
regions  either  along 
cannot  be  analyzed, 
real  domain  effective  index  met 
effective  index  method  retains 
conventional  effective  index  metho 
method,  a complicated  two-dimensional  problem  i; 
handled  as  two  one-dlmenslonsl  problems. 

The  mode  control  In  the  transverse  direction 
very  Important.  Two  schemes  to  control 


i.e.,  the  thin  active  layer  (TALI  scheme  and  the  large 
optical  cavity  (LOCI  scheme  have  been  extensively 
investigated,  mostly  to  increase  the  transverse  mode  alie  and 
hence  increase  maximum  available  output  power.  In  the 
conventional  LOC  scheme,  the  LOC  layer  with  a relatively 
smaller  bandgap  is  In  direct  contact  with  the  active  layer. 
Thus,  as  a result  of  the  decreased  bandgap  difference  between 
the  active  layer  and  the  LOC  layer,  the  active  layer  carrier 
confinement  may  become  poor  especially  at  high  injection 
level.  However,  in  the  separated  large  optical  cavity  (SLOC) 


Inleoted 


in  layer  with  a smaller  bandgap  separates  the  LOC 
e active  layer  providing  enough  barrier  for  the 
n Che  active  layer. 

Even  chough  the  LOC  layer  and  the  active  layer  are 
physically  separaced  from  each  other,  they  are  optically 
as  a result  of  the  overlap  of  the  active  guide  mode 
: guide  mode.  The  normal  modes  are  no  longer 


orthogonal  under  a condition  of  the  complex  refractive  index 
due  to  either  Che  active  layer  gain  or  loss  in  the  layers. 
Coupling  is  shown  to  occur  under  gain  between  the  active 
guide  mode  and  the  SLOC  guide  mode.  This  mode  coupling  has 
Che  effect  of  Increasing  the  transverse  mode  sire  and  hence 
the  maximum  available  output  power.  To  Che  best  of  our 
knowledge  this  is  the  first  time  such  a mode  coupling  is 
demonstrated. 

The  organiiatlon  of  the  dissertation  is  as  follows. 
Following  the  introduction  in  chapter  one.  the  basics  of  the 
liquid  phase  epitaxy  ate  described  in  chapter  two.  In  chapter 
three,  the  novel  liquid  phase  epitaxy  growth  scheme  used  CO 


fabricate  Che  BRSP  structure  is  explained  in  detail.  In 
chapter  four,  the  complex  domain  effective  index  method  Is 
developed  by  extending  the  conventional  real  domain  effective 
index  method  into  the  complex  domain.  In  chapter  five,  the 
BBSP  structure  analysis  and  the  experimeniai  results  are 
presented.  In  chapter  six,  a novel  separated  large  optical 
cavity  (SLOC)  scheme  tc  Increase  the  effective  transverse 
power  output  is  demonstrated. 


size 


increased 


The  SLOC  laser  perfoririance  is  compared  with  that  of  non-SLOC 
i-e.,  conventional  DH  lasers.  Finally,  in  chapter  seven,  the 
results  are  summarized  and  recommendations  for  further  study 
are  presented. 


CHAPTER 


LIQUID  PHASE  EPITAXT  ( 


Liquid  I 


e epitexy  (LPE)  (Kre973,  Bote76) 


the  oldest  techniques 
layers.  It  continues 
today,  especially  for 
emitting  diodes.  Some 
either  the  molecular  6« 
chemical  vapor  deposition  (MOCVD)  are 
technique  is  Mell  established 


sed  to  grow  QaAs/SaAlAs  epitaxial 
be  an  Important  technique,  even 
le  fabrication  of  laser  and  light 
f the  advantages  of  Che  LPE  over 
epitaxy  fKBEi  or  the  metal  organic 
followB:  [1)  Che  LPE 
produces  relatively 


good  quality  film,  (3)  the  LPE  system  and  the  maintenance  are 
relatively  inexpensive,  and  (4)  various  device  geometries  can 
be  grown  using  either  preferential  growth  or  melt-etch 
depending  on  topography  of  the  substrate.  However,  LPE 
technique  has  certain  significant  disadvantages  compared  to 
either  MBE  or  HOCVD  technology.  Tor  example,  it  is  hard  to 
grow  very  thin  layers,  and  in  general,  the  uniformity  of  the 
layers  is  relatively  poor.  Furthermore,  regrowth  on  a GaAlAs 
layer  whose  A1  mole  fraction  ia  larger  than  0.1  can  hardly  be 
achieved  [Tsuk76]. 


2.1.  Basin  Pr1nnlBlpfi  nf  T.imiirt  phase  Fr><ta«v  n.pxi 
Liquid  phase  epitaxial  growth,  basically,  involves  the 
precipitation  of  a material  from  a supercooled  solution  on  to 
a underlying  substrate-  For  example,  the  equilibrium 


concentration  ot  As  In  Ga  solution  depends  on  the  temperature 
as  shown  In  Figure  2.1,  Thus,  it  the  temperature  of  the 
equilibrium  solution  is  being  lowered,  the  solution  become 
supercooled  and  material,  in  this  case,  Gafts  precipitates, 

A simplified  block  diagram  of  the  LPE  system  is  shown  in 
Figure  2,2.  The  growth  occurs  in  a pyrolltie  graphite  boat 
Inside  quarts  tube  in  a highly  purified  Ha  environment.  The 
multi-bin  horisontal  sliding  boat,  sohenacioaliy  shown  in 
Figure  2,3,  is  commonly  used  since  it  allows  sequential 
growth  of  multilayers. 

A typical  growth  temperature  program  Is  shown  in  Figure 
2.4,  The  main  reason  for  prebaking  of  Ga  is  the  reduction  of 
Ga  oxide  which  otherwise  upon  decomposition  would  cause  the 
oxidation  of  the  fti  component  IBote76|  . The  Al  oxide  is 
undesirable,  as  it  is  not  reduced  at  usual  growth 
temperatures  1150  - 050  -Cl  . The  Ga  prebaking  may  not  be 
necessary,  if  pure  Ga  Ingots  are  used  instead  of  liquid  Ga 
(liquid  Ga  is  easily  oxidlredl . After  prebaking  Ga  and 
nonvolatile  dopants  (Ge,  Sn),  the  cleaned  substrate  as  well 
as  GaAs  poly  crystal,  Al,  and  volatile  (2n,  Te)  axe  loaded 
into  appropriate  bins,  as  shown  in  Figure  2.3.  Then  the 
temperature  is  raised  to  Tn  (-  800  -Cl  and  is  homogenised  for 
2-3  hours  so  that  the  melt  reaches  an  equilibrium.  After 
homogenisation,  the  system  is  cooled  down  by  an  amount  AT  (- 
5 -Cl  at  a rate  of  about  0.5  -C/min.  The  substrate  is  then 
Slid  underneath  the  first  melt  and  is  kept  there  for  an 
appropriate  time  to  grow  an  epitaxial  layer  with  a desired 


Solute  Concentration 


Figure  2.1 


At  temperature  Tg,  solid  GaAs  is 
with  Ga  liquid  of  As  concentration 


in  equilibrium 


GaAs 


Cap 

jSuh 


Figure  2.3 


of  a grapblte 


thickness.  The  substrate  is  then  slid  underneath  the  adjacent 
melts  sequentially  for  the  growth  of  the  next  layers. 

In  our  LPE  system,  no  vacuum  pump  is  installed,  and  the 
pure  H2  environment  inside  the  reactor  can  be  achieved  only  by 
flowing  Hj  for  significant  amount  of  time.  It  is  very 
important  to  achieve  the  pure  Hj  environment  as  quickly  as 
possible  in  order  Co  minimise  Che  oxidation  of  loaded 
materials.  Detailed  growth  procedure  is  desoribed  In  the 
following  section. 


I lint-free  paper, 
ec  Ga.  Carefully 
(p-type),  and  Sn 


After  the  boat  is  carefully  wiped 
each  well  to  he  used  is  loaded  with 
weighed  nonvolatile  dopants,  such  as 
(n-type),  are  also  loaded  at  the  same  time.  It  is  noted  that 
in  order  to  minimise  oxygen  flow  Into  the  reactor  during  time 
the  reactor  is  opened  to  air,  Bj  gas  should  be  flowing  inside 
the  reactor  at  a very  high  rate  (about  50  oc/min) . 


Reactor  Flii.sh-i  ng 

Since  the  reactor  was  opened  for  Ga  loading,  the  reactor 
should  be  flushed  by  flowing  Hj,  The  minimum  flushing  time 
for  reasonably  pure  Hj  environment  is  about  3 hours  at  a flow 


50  cc/min. 


temperature 


850  “C 


During  the  baking.  Che  flow  rate  is  reduced  to  5 cc/nin. 
Substrate  Loading 

The  prebaking  la  finished  by  reoioving  the  furnace,  which 
is  on  a sliding  rail,  away  from  the  reactor  tube.  During  Che 
time  the  reactor  is  being  cooled  down  to  room  temperature, 
the  substrate  and  weighed  source  materials,  such  as  GaAa  poly 
crystal.  Al,  and  volatile  dopants  (Te.  Zn)  are  being  prepared 
for  loading.  It  is  Important  Co  load  these  materials  quickly 
to  minimite  the  oxidation. 


Reactor  Flushing 

The  reactor  is  flushed  once  again  with  by  following 
the  same  procedure  as  in  the  previous  step. 


During  t 


' 3 hours  so  that  the  melt  reaches  ai 
homogenization,  the  Hz  flow  rate 


The  system  is  cooled 


5 ®C.  the  growth  is 


temperature  drop 


initiated  by  sliding  the  substrate  under  the  supercooled 


Sample  Takeout  and  Boat  Cleaning 

The  furnace  is  moved  away  i 
growth  is  completed.  After  Che  grc 
boat  is  carefully  wiped  of  6a  mel 


a point  by  loading 


2.3.  Material  Preparation 

In  liquid  phase  epitaxy,  the  material  preparation  is 
very  important  and  is  described  in  this  section. 


Rinse  in  methanol; 

Rinse  in  deionised  {01)  water; 

Stoh  in  KR4OR  : HjOz  : H2O  - 20  : 7 : 100  solution 


Pnlv  crystal  GaAs : 

Etch  in  H2SO4  : *1:1  solution  for  1 min; 


Aluminum: 

Etch  in  HCl  solution  for  1 min; 


In  order  to  minlmite  the  exposure  to  sir,  the  above 
cleaned  materials  should  be  Vept  In  DI  water  until  the 
final  minute  before  loading.  The  materials  are  then 
dried  by  blowing  Nz  immediately  before  loading. 

2.4.  Typigal  froblems  In  lpe 

The  graphite  boat  should  always  be  kept  clean,  since  the 
actual  growth  takes  place  inside  the  boat.  However,  as  the 
number  of  runs  with  one  boat  increases,  the  growth  quality 
becomes  deteriorated  due  to  contamination,  The  important 
contaminants  are  Al,  Zn  , and  Te  which  are  easily  oxidized 
[LogaTg]  , The  surface  of  the  samples  grown  under  the 
condition  of  serious  oxidation  are  usually  not  very  shiny, 
because  of  a relatively  high  density  of  the  defects  as  shown 
in  Figure  2.5(a),  Similar  results  were  often  obtained  when 
the  reactor  flushing  la  not  appropriate.  For  example,  the 
reactor  flushing  with  lower  H2  flow  rate  for  longer  time  is 
not  as  good  as  the  flushing  with  higher  H2  flow  rate  for 
shorter  time,  since  more  oxidation  occurs  by  the  residual  Og 
during  the  longer  flushing  time. 

Zn  order  to  minimize  the  contamination,  the  boat  should 
be  cleaned  regularly.  One  of  the  simple  procedures  is  to  bake 


(a) 


Typical  problems  in  LPE. 

Is)  Sample  grown  under  oxidized  condition, 
(a)  Overgrowtn  due  to  melt-carry  over. 


e boat  fined  w 


: flowing 


either  the  bare  boat  o 
H2  for  several  hours  at  higher  temperature  (8S0  ®CJ  than  the 
growth  temperature  [Bote7S].  m this  case,  it  is  important 
not  to  raise  the  temperature  very  high,  since  the 
Oevitrlficatlon  of  quarts  tube  becomes  a serious  problem  at 
higher  tee^erature . 

Another  very  common  problem  in  IPE  is  the  melt 
carry-over  on  the  grown  sample.  The  melt  carry-over  usually 
occurs  when  the  substrate  is  slid  out  of  the  last  melt, 
because  of  the  pressure  difference  between  the  well  with  a 
melt  and  the  empty  well.  As  seen  in  a sample  shown  in  Figure 
layer  is  very  chicle  due  to  the  very  rapid 
carried-over  melt  during  Che  rapid  cooling 
melt  carry-over,  since 
!r  usually 


2.5<b),  the 
growth  from 

process.  It  la  important  to  reduce 
the  very  chicle  layer  grown  with  a melt  earry- 
prevents  further  processing.  A small  amount  of  the  melt 
: usually  occurs  between  the  growth  of  the  inner 
e previous  layer  continues  in  the 
cf  the  reasons  for  the  relatively 
! liquid  phase  epitaxy, 
is  directly  related  to 
hat  n-type  dopants  such 
er  significantly,  while 
h as  Ge  and  Zn  increases  the  melt 
ay  be  useful  to  grow  a thin  extra 
the  last  layer,  to  reduce  melt 


layers  and  the  growth  of 
next  melt.  This  may  be  one  of  the  rea 
poor  thichnesa  controllability  of  th« 
The  melt  carry-over  to  some  extent, 
the  boat  design.  We  have  also  found  t 
as  Te  and  Sn  reduce  the  melt  carry-ov 


SaAs  layer. 


carrjr-over  and  the  extra  n-type  GaAs  layer  may  be  removed 
later  by  etching. 


CHAPTER 


iE-STBIPBD  PLANAR  STROCTDBE 


3.1.  Introrfiif-r 

One  of  the  unique  features  of  the  liquid  phase  epitaxy 
iLPE)  ia  that  the  growth  rate  |Flgu78J  ia  strongly  dependent 
on  the  topography  of  the  substrate.  As  seen  In  the  liquidus 
curve  shown  in  Figure  3.1,  the  equillbrlun  As  concentration 
has  lower  value  on  the  concave  surface  than  on  Che  convex 
surface.  As  a result,  a melt  of  concentration  c,  at 
temperature  T*  is  effectively  undersaturaced  for  the  convex 
surface  and  is  affectively  supersaturated  for  the  concave 
surface.  Thus,  there  is  always  tendency  to  fill  in  concave 
parts  of  the  surface  and  itielc-eteh  convex  parts  of  the 
surface.  The  preference  of  LPE  growth  for  concave  surface 
over  convex  surface  is  a very  licportant  factor  in  the  shaping 
of  the  various  grown  layers  in  the  structures,  such  as  the 
channeled  substrate  planar  (CSP)  structure  (KuroTBJ,  buried 


1 constricted  double 


heterostructure  (BH|  [SaitSO], 
heterostructure  (CDH)  [BoteSlI . 

One  of  the  problems  with  t 
regrowth  can  be  done  only  either  c 
layer  with  relatively  lower 
[Tsukvei,  This  regrowth  problem  seriously  limits  the  use  of 
LPE  technique  to  grow  various  device  geometries.  For  example. 


s LPE  technique  i 
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Solute  Concentration 


~\^  p-GaAIAs  [ "-ga 


Figure  3,2 


the  geometry  shown  in  figure  3.2  which  can  incorporate 
various  types  of  effective  Index  steps  (by  varying  the 
current  blocking  layer  A1  concentration^  cannot  be  grown  by 
the  conventional  LPE  growth  scheme.  However,  researchers  at 
OKI  company  overcome  this  problem  by  developing  a novel  LPB 
scheme.  This  method  combines  the  preferential  growth  and 
melt-etch,  thus  eliminating  the  regrowth  problem  in  the 
fabrication  of  the  melt-etched  inner  stripe  (HEIS)  structure 
[WataS51 . However,  one  problem  of  the  MBIS  structure  is  that 
f Che  built-in  effective  index  step  is 
n the  conventional  CSP  structure. 

buried-ridge-striped  planar  (BKSP) 
dissertation,  the  growth 


controllability  c 
' much  limited  as  J 
However,  in  th 
presented 


procedure  h, 
effective  index  steps, 
and  the  complex  step 
fabrication  procedure  i 
described . 


he  positive,  the  negative, 
s chapter,  Che  detailed 
(SP  structure  [Lee90a]  is 


3.2,  Melt-Etched  Inner  Stripe  IHEISI  Structure 
In  this  section,  the  fabrication  procedure  of  the 
melt-etched  inner  stripe  (MBIS)  structure  is  briefly 
reviewed.  This  review  wlli  help  understand  the  fabrication 
procedure  of  the  BPS?  structure.  Bach  growth  step  of  the  HEIS 
structure  is  shown  in  Figure  3.3  and  is  described  below. 


r>-GaAIAs(x-0.45) 


Double  Heteroatruccure  Qrnuth 


A double  heterostructure  with  a relatively  thin  (0.3  (Un] 
p-type  upper  cladding  layer  and  a very  thick  (3  dn)  n-type 
GaAs  layer  on  top  ia  grown  on  a n-type  aubatrate.  In  the 
aubaeguent  stepsr  an  inner  atrlpe  will  be  forned  in  the  thick 


3.2.2.  Ridge  Formation 

As  the  first  step  to  inake  an  inner  stripe, 
ridge  is  formed  in  the  top  GaAa  layer  along 
direction  by  chemical  etching  as  shown  in  Figure 
the  ridge  formation  process,  no  GaAlAa  layer  la 
air,  and  thus,  the  regrowth  problem  doesn't  exist. 


a reversed 
Che  <011> 
3.3(a).  In 
exposed  to 


3.2.3.  greferential  Growth 

In  Che  second  step  growth,  first  a Gai.yAlyAs  (y  > 0.45) 
layer  is  preferentially  grown  outside  the  ridge  as  shown  in 
Figure  3.3(b).  The  growth  rate  over  the  ridge  region  with 
convex  topography  is  very  small  or  negative  (melt-etch) 
compared  to  that  in  the  region  outside  the  ridge.  The 
preferentially  grown  Gai-yAlyAs  (y  > 0.45)  layer  should  be  an 
effective  melt-etch  mask  in  Che  next  melt-etch  step. 


3.2.4.  Preferential  Melt-Etch 

After  the  preferential  growth  of  the  Gai-yAlyAs  layer, 
the  subatrate  is  moved  under  an  undersaturated  solution  (by 


5-45)  layer  1 


Figure  3.3(e).  The  Gai-,Aly) 

■tielt-ecched  and  acts  as  an  effective  melt-etch  mask,  since 
the  melt-etch  rate  decreases  as  the  Al  mole  fraction  y 
increases.  Therefore,  in  the  underaaturated  melt,  the  burled 
6aAs  ridge  will  be  preferentially  melt-etched.  Thus,  a 
complete  channel  shown  in  Figure  3.3(e)  will  be  formed  as  the 
melt-etch  stops  on  the  p-GaAlAs  upper  cladding  layer  which  is 
also  hardly  melt-etched.  In  the  MEIS  structure,  a large 
melt-etch  selectivity  between  the  GaAs  ridge  and  Che 
melt-etch  mas)t  is  required  and  the  Al  mole  fraction  of  the 
Gsi-yAlyAs  melt-etch  mask  should  be  relatively  large  (y  > 
0,45).  The  reasons  for  chat  ate;  1)  the  GaAs  layer  to  be 
melt-etched  is  very  thick  (3  pm),  and  2)  large 
undersaturation  of  the  melt  is  needed  to  melt-etch  into  a 
channel,  because  the  effective  undersaturation  becomes 
smaller  Inside  the  channel  due  to  increased  concavity. 


3.2.5.  Growth  on  Melt-erch.d  rhannal 

AS  the  final  step,  the  melt-etched  channel  1 
by  growing  a GaAlAs  cladding  layer  and  a GaAs  co 
as  shown  in  Figure  3.3(d). 


• Burled-Ridoe  Strlaed  Planar  laasvi  etrufi-.i-. 

Che  MEIS  structure,  an  inner  stripe  is  formed  during 
snd  step  LPE  and  is  located  above  the  double 
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tiecerostructure  which  Is  grown  in  the  first  step  LPE  In  this 
configuration,  only  a large  A1  iBole  fraction  GaAlAs  layer  can 
be  used  as  an  integral  melt-etch  mask  as  explained  in  the 
previous  section  and  the  controllability  of  the  effective 
index  step  is  very  much  limited.  It  is  noted  that  the 
refractive  index  of  the  GaAlAs  melt-etch  mask  is  a very 
Parameter  in  determining  the  effective  index  step 
of  the  structure.  This  will  be  discussed  in  chapter  five  in 
more  detail. 

In  Che  buried-ridge-striped  planar  (SUSP)  geometry,  an 
inner  stripe  is  formed  first  before  Che  growth  of  a double 
heterostruoture.  In  the  BRSP  geometry,  as  the  first  step  to 
form  an  inner  stripe,  either  a double  channel  ridge  or  a 
simple  ridge  shown  In  Figure  3.4  is  formed  after  the  first 
step  growth  of  three  layers:  a p-6aAa  buffer  layer  12  pm),  a 
p-Gai-,Al,As  layer  (1  pm),  and  an  undoped  GaAs  layer  (0.3  pm). 
The  cross-sectional  view  in  Figure  3.4(b 
show  the  inner  ridge  on  the  left  hand  side 
in  the  way  the  sample  is  positioned  In  the  SEM.  An  inner 
stripe  can  be  formed  by  preferentially  growing  a n-Gai-yAlyAs 
current  blocking  layer  outside  the  ridge  and  preferentially 
melt-etching  the  thin  GaAs  on  top  of  Che  ridge. 

It  is  noted  that  the  ridge  in  the  BRSP  geometry  conslata 
of  a GaAlAs  iayer  and  a chin  GaAs  layer  on  top,  instead  of  a 
pure  GaAs  layer  as  in  the  HEIS  geometry.  Only  Che  chin  GaAs 


)t  clearly 


p-QaAs  (suPsirate) 


p-GaAs  (suPsiraie) 


(b) 


addition,  in  tne  BRSP  structure,  the  thin  (0.3  (un)  GaAs  layer 
to  be  melt-etched  is  located  on  top  of  the  ridge  with  convex 
topography  where  the  melt  may  be  effectively  undersaturated. 
Thus,  the  thin  GaAs  layer  in  Che  BRSP  structure  is  more 
easily  removed  oompared  to  the  thick  buried  GaAa  ridge  in  the 
MEIS  structure.  Several  different  schemes  to  preferentially 


preferentially  t 


current  blocking  layer  outside  t 
ridge  have  been  tested.  Some  of  the  attempted  schemes 
achieve  this  structure  are  explained  in  the  next  sections. 


■ configuration,  the  GaAs  layer  Co  be 
melt-etched  is  located  on  top  of  the  ridge  with  convex 
topography  (favored  for  preferential  melt-etch).  On  the  other 
hand,  Che  area  where  a current  blocking  layer  la  to  be  grown 
has  a concave  topography  (favored  lor  preferential  growth).  A 
melt  with  properly  adjusted  supersaturat ion  may  be 
effectively  undersaturated  over  the  ridge  while  It  ia 
effectively  supersaturated  in  the  rest  of  the  area  In  this 
case,  the  preferential  growth  of  the  current  blocking  layer 
and  the  melt-etch  of  the  thin  GaAs  on  top  of  the  ridge  can  be 
achieved  in  a aingle  melt.  If  thia  acheme  works,  it  would 
have  a significant  advantage  alnce  a separate  undersaturated 
molt  need  not  be  prepared.  Both  the  double  channel  ridge  and 


the  simple  ridge  conf iguretion  shown  in  Figure  3,4  have  been 

In  the  case  of  double  channel  ridge,  if  the 
supersaturation  is  increased,  layers  hardly  grow  on  e>ctremely 
convex  areas  resulting  in  Che  discontinuous  current  blocicing 
layer  and  active  layer  as  sown  in  Figure  3.3,  A similar 
effect  is  observed  in  the  growth  of  the  double  channel  planar 
buried  hecerostruccure  (DCFBHl  [Naka861,  in  which  the  lateral 
burying  layers  are  not  grown  over  the  ridge  region.  On  the 
ocher  hand,  if  Che  melt  supersaturation  is  reduced,  Che  grown 
layers  are  very  irregular  as  shown  in  Figure  3.6  and  it  is 
very  difficult  to  control  the  layer  thickness.  However,  in 
the  case  of  the  simple  ridge  configuration,  the  growth 
characteristics  is  much  less  complicated  and  the 
discontinuity  of  Che  grown  layers  is  not  observed  as  shown  in 

7he  most  difficult  problem  of  this  scheme  is  that  the 
convexity  of  the  ridge  decreases  as  the  growth  of  the  current 
blocking  layer  continues.  Thus,  in  most  of  the  cases,  the 
thin  GaAs  layer  on  top  of  Che  ridge  is  hardly  removed  as 
shown  in  Figures  3.5,  3.6,  and  3.7.  Even  with  a reduced 
supersaturation  of  the  melt,  the  thin  GaAs  layer  still 
remains  on  Cop  of  the  ridge  as  shown  in  Figure  3.6.  In 
general,  large  supersaturation  is  desirable  for  better 
preferential  growth;  however,  the  increased  supersaturation 
makes  the  simultaneous  preferential  melt-etch  more  difficult. 
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Alive  Layer  Currsm  Blocking  Layer 


Figure  3.3 


t-ecch,  super  cooli%  At  - 5 
■ 0.5  »C/min  (double  channel 
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Active  Layer  Current  Blocking  Layer 


— / — 

Currem  Blocking  Layer 


FLgute  3.7  Simultaneous  preferential  growth 
preferential  melt-etch,  super  cooling  AT  ■ 
cooling  rate  S - 0.7  oc/min  (simple  ridge) . 


In  conclusion,  Che  siraulcaneoua  growth  and  melt-etch 
scheme  doesn  t seem  to  work  in  both  the  double  channel  ridge 
and  simple  ridge  configurations,  and  thus,  the  growth  of  Che 
current  blocking  layer  and  Che  melt-etch  of  Che  thin  GaAs 
layer  should  be  performed  separately  in  two  different  melts. 
Another  finding  is  chat  the  simple  ridge  configuration  has  a 
clear  advantage  over  the  double  channel  ridge  configuration 
in  terms  of  the  grown  layer  uniformity. 

P“fefBrrlAl  Meir-Firrh  in  Eauiuhri„m 


Che  sample  is  immersed 
3 degree  supersaturaclon  f 
before  Che  supercooling  starts. 


In  this  scheme, 
eguilibriura  solution 
appropriate 

equilibrium  melt  may  be  effectively  undersaturated  over  the 
ridge  with  convex  topography  and  meic-etch  Che  thin  GaAs 
layer  on  cop  of  the  ridge.  The  sample  is  Chen  moved  into  a 
supersaturated  melt  for  the  preferential  growth  of  the 
current  blocking  layer. 

One  of  the  samples  grown  by  this  scheme  is  shown  in 
Figure  3.8.  In  this  scheme,  the  GaAs  layer  is  melt-etched  in 
general  only  in  the  area  near  the  edge  of  the  ridge  where  the 
melt  ie  effectively  undersaturaced  due  to  the  large 
convexity.  The  effective  undersacuration  in  the  region  away 
from  the  edge  of  the  ridge  may  be  coo  small  to  melt-etch  the 
GaAs  layer  completely,  m conclusion,  the  topographical 


Current  Blocking  Layer 


Preferential  melt-etch  of  GaAa  layer  in 
equilibrium  solution  followed  by  preferential 
growth  of  the  current  blocking  layer,  under 
saturation  iT„  - 0.0  «C  (melt-etch),  melt-etch 
time  tm  - 30  sec,  supersaturacion  iTg  - 5.0  “C 
(growth),  ojoling  rate  S - 0.7  ®C/rain. 


convexity  over  the  ridge  Is  not  sufficient  to  melt-etch  th, 
thin  GaAs  layer  by  an  equilibriura  melt . 

freffir^r^fll  Helt-Rtm  in  Under.^r......ri 


a separated  nvelt  with  underaaturation  is 
t using  the  temperature 
d of  the  prebaking,  the 
e temperature  is 


In  this  acheine, 
prepared  in  the  first  well 

program  shown  in  Figure  3.9,  At  the  end  of  t 
system  temperature  Is  lowered  to  T„*.  After  t 
stabilized,  a piece  of  poly  crystal  GaAs  is  slid  underneath 
the  first  Ga  melt  to  make  an  equilibrium  solution  at 
temperature  T„e.  The  remaining  GaAs  poly  crystal  should  be 
removed  from  the  melt  before  the  furnace  is  moved  away  from 
the  reactor.  In  the  homogenization  process,  the  temperature 
Tft  should  be  properly  adjusted  so  that  the  first  melt 
cenq=erature  reaches  T„  after  cooling  the  system  by  about  5 ®C. 
If  Che  temperature  T„  is  higher  than  the  temperature  T„,  the 
melt  would  be  underaaturated  by  AT^  {■  < 0}  and  is 

ready  to  melt-etch  Che  thin  GaAs  layer  on  top  of  the  ridge. 
After  melt-eceh  is  performed  in  the  underaaturated  solution 
for  an  appropriate  time,  the  sample  is  moved  to  Che  next  well 
with  a supersaturated  melt  for  the  preferential  growth  of  the 
current  blocking  layer. 

The  samples  grown  by  this  scheme  are  shown  in  Figures 
3.10  and  3.11.  In  this  scheme,  in  general,  the  Chin  GaAs 
ridge  is  easily  melt-etched.  However,  the 
may  provide  a favorable  condition  for  the  growth  of 


Temperature  program  tor  the  scheme  of 
preferential  melt-etch  in  underaaturated 
solution  followed  by  preferential  growth. 

- Tb,  - Tj,  < 0 : undersaturatlon  for 
melt-etch  of  SaAs  layer, 


• Th  - Tg  > 0 : superaaturation  for  growth 
current  blocking  layer. 


Cjrrent  Blocking  Layer 


Figure  3,10  Preterentiel  melt-etch  of  GaAs  layer  In 
undersaturated  solution  followed  by  preferential 
growth  of  the  current  blocking  layer, 
underaaturation  AT„  - - s.O  oc  (melt-etchi. 
melt-etoh  time  t*  - 60  sec.  supersaturatlon  dT, 
- S.O  ®C  (growth),  cooling  race  S - 0-7  oc/min. 


Current  Bfocking  Layer 


Preferential  melt-etch  of  GaAs  layer  in 
undersaturated  solution  followed  by  preferential 
growth  of  the  current  blocking  layer.  The 
current  blocking  layer  was  grown  over  the  ridge, 
undersaturation  ■ - 2.0  (melt-etehl 


melt-etch  time  t*  - 10  aec,  aupersaturation  iTg 
- 5,0  ®C  (growth),  cooling  rate  S - 0.7  ®C/min. 


figure  3.12  In  the  sample  with  current  blocking  layer  grown 
over  the  ridge,  the  I-v  curve  shows  that  of  a 


the  current  blocking  layer  over  Che  ridge,  and  very  often  the 
current  blocking  layer  deposits  on  top  of  the  ridge  as  sheen 
in  Figure  3.11.  Some  of  the  samples  have  I-V  (current- 
voltage)  characteristics  shown  in  Figure  3.12  which  is 
characteristic  of  a typical  p-n-p-n  structure.  In  conclusion, 
Che  melt-etch  of  the  chin  SaAs  layer  on  top  of  the  ridge 
should  be  performed  after  a preferential  growth  of  the 
current  blocking  layer. 


In  this  scheme,  first  a n-Gai-yAlyAs  current  blocking 
layer  is  preferentially  grown  outside  the  ridge.  In  this 
step,  a very  chin  current  blocking  layer  may  grow  over  the 
ridge.  Next,  the  thin  6aAs  layer  and  possibly  the  very  thin 
current  blocking  layer  on  cop  of  the  ridge  are  melt-etched  in 
the  undersaturated  melt  which  is  prepared  by  using  the 
temperature  program  shown  in  Figure  3.13.  The  homogenization 
temperature  Tn  should  be  adjusted  properly  so  that  the 
undersaturation  dT„  (-  Tea  - T„  < 0)  is  appropriate. 

This  scheme  will  be  successful  only  when  the  n-Gai.yAlyAs 
current  blocking  layer  which  is  preferentially  grown  outside 
the  ridge  Is  an  effective  melt-etch  mask.  In  the  BRSP 
geometry,  however,  even  a small  melt-etch  selectivity  between 
n-Gsi-yAlyAs  current  blocking  layer  and  the  GaAs  layer  Is  good 
enough  to  remove  the  thin  GaAs  layer  on  top  of  the  ridge 
where  the  melt-etch  is  easily  achievable.  Thua,  a n-Gai-yAlyAs 


figure  3.13  Temperature  program  for  the  scheme  of 
preferential  growth  followed  by  preferential 
f"®l-t“etch  in  undersaturated  solution  . 

■ T(,  - T,  > 0 ; supersaturatlon  for  growth 

iTj,  ■ Tee  - To  < 0 ; undersaturation  for 
melt-etch  of  SaAs  layer. 
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layer  even  with  a very  low  A1  concentration  <y  - O.OS) 
an  effective  celt-etch  mask. 

The  required  undersaturation  may  depend 


melt-etch  mask  A1  concentration  and  the  melt-etch  time  t® 
Since  the  SaAs  layer  to  be  melt-etched  is  very  thin  (0.3  (iml , 
the  relatively  short  melt-etch  time  (t„  • lo  sec)  la 
reasonable.  The  temperature  drop  during  the  short  melt-etch 
time  can  be  negligible,  and  thus  Che  undersaturation  of  the 
melt  during  the  melt-etch  process  can  be  assumed  constant. 
Various  samples  grown  by  this  scheme  are  shown  in  Figures 
3.14,  3.15,  and  3.16. 

In  the  sample  shown  in  Figure  3.14(b),  the 
undersaturstion  was  too  sinsll  (iTn  - -1.5  »C)  and  the  GaAs 


layer  was  not  completely  removed  (in  the  SEM  picture,  the 
SaAs  layer  is  usually  seen  as  a bright  line) . However,  in  the 
sample  shown  in  Figure  3.14(c),  the  GaAs  layer  was  cleanly 
removed  with  increased  undersacuration  At^  * -2.B  ®C.  In 


general,  the  current  blocking  layer  becomes  thin  In  the 
region  far  from  the  ridge  due  to  the  smaller  growth  rate. 
However,  as  seen  in  Figure  3.15,  the  n-Gai-yAi,As  current 
blocking  layer  even  with  a relatively  low  A1  concentration  (y 
- 0.1)  was  still  intact  in  the  region  far  from  the  ridge.  The 
shape  of  the  current  blocking  layer  near  the  ridge  can  be 
also  controlled  by  adjusting  the  growth  time  tg.  As  shown  In 
Figure  3.16,  the  current  bloo)cing  layer  becomes  flat  as  the 
growth  time  t,  increases.  Lastly,  Figure  3. IT  shows  the 


Active  Ijyer^ 


Cjrrsm  Blcduns  Layer 
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(a) 


Figura  3.15  Prefereotlal  growcn  of  the  current  blocking 
layer  followed  by  preferential  melt-etch  of  GaAs 
layer  In  undersaturated  solution, 
aupersaturatlon  ilg  - 5.0  og  (growth), 
undersaturation  iT„  • -1.5  ®c  (melt-etch), 
melt-etch  time  ta,  - 10  sec,  cooling  rate  S • 0.7 
°C/mln,  K - 0.35,  y - 0.10,  i - 0.35, 

(a)  Growth  near  the  ridge, 

(b)  Growth  far  from  the  ridge. 


Figure  3,16  Preferential  growth  of  the  current  blocking 
layer  followed  by  preferential  melt-etch  of  GaAs 
layer  in  u nd# reat u rat e d aolution, 
supersaturation  iTg  - 5.0  ®C  (growth),  melt-etch 
time  tm  - 10  sec,  cooling  rate  S - 0.7  oc/min, 
(a)  X - 0.35.  y - 0.30,  2 - 0.30, 

growth  time  tg  ■ ISO  sec.  ' 


grown  by  the 
the  current 
preferential 

solution. 


characteristics  for  the  sample 
scheme  of  preferential  growth  of 
blocking  layer  followed  by 
"'«lf-etch  in  undersacuraced 


typical  I-v  curve  for  the  sample  with  the  thin  GaAs 
melt-etched  completely. 

3.4.  Fabrication  Procedure  of  the 
Buried-Bldae-Strioed  Planar  Structure 

In  this  section,  the  whole  procedure  to  fabricate  the 
BRSF  structure  la  summarized.  Figure  3. IS  shows  each  growth 


3.4.1.  First  Step  LPE  Growth 

the  first  step  growth  is  performed  at  temperature  of 
-800  ®C  with  a cooling  race  of  0.5  “C/mln.  The  three  layers  - 
a p-GaAs  buffer  layer  (p  - 2X101*  cm"*,  2 [im) , a p-Gai-»Al,As  ( 
p - 2X101'’  cm-1,  1 |la)  layer,  and  a GaAs  (undoped.  0.3  pm) 
layer  - are  grown  on  a (100)  oriented  p-Cype  GaAs  substrate 
(p  - mol*  om-3l  . 

3.4.2.  Ridoe  Formation 

After  the  first  step  growth,  a reversed  ridge  is  formed 
along  the  <011>  direction  as  shown  In  Figure  4.18(a)  by  using 
chemical  etching  in  a NHsOK  : H2O2  : HgO  • 20  : 7 : 100 
solution  at  room  temperature.  The  height  and  cop  width  of  the 

reversed  ridge,  a standard  ridge  along  the  <0ll>  direction 
may  be  used,  however,  the  reversed  ridge  has  advantages  over 
the  standard  ridge  for  the  processing  regulred  in  the  next 
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p-GaAs  (suQstraie) 


(a) 


e buried-ridge-striped 


The  grovrth  procedure  of 
planar  (BRSP)  structure. 

1?J  growth  and  ridge  formation, 

^ growth  of  the  current  blocking 

o7Vhe  r"idg^^  Mlt-etch  of  GaAs  layer  on  top 
Id)  Growth  of  the  double  heceroatrueture . 


preferential  growth 


preferential 


In  the  second  step  growth.  Che  cooling  race  is  increased 
to  0.7  oc/min.  First,  a n-Gai-yAlyAs  (n  - UlOl’  cm-3,  y > 
0.05}  current  blocking  layer  is  preferentially  grown  outside 
the  ridge  as  shown  In  Figure  3.19(b) . Then,  the  thin  GaAs  on 
top  of  the  ridge  is  melt-etched  in  an  undersaturated  solution 
(dTn  ■ -2  - -3  depending  on  the  current  blocking  layer  A1 
mole  fraction  y)  as  shown  in  Figure  3.18(c).  After  chat,  the 
four  layer  double  heterostruoture  is  grown  as  shown  in  Figure 
3.18(d).  The  four  layers  are  p-Gai-,Al,As  (p  - 2X10i’  em-3, 
0.3  (un)  lower  cladding  layer,  undoped  GaAs  (0,10  - 0.15  dm) 
active  layer,  n-Gai-jAljAs  (n  - 2X10*’’  cm"3,  1.5  psi)  upper 
cladding  layer,  and  Che  n-GaAs  (n  - 2X101®  cm*®,  I pm)  contact 
layer  respectively. 

3.4.4.  H-Tvne  Ohmic  Contact 

For  the  n-electrode,  1500  % Au-Ge,  500  A Hi,  and  2000  A 
Au  are  sequentially  deposited  on  Che  junction  side  of  Che 
sample  by  electron  beam  evaporacion. 


3.4.5.  T.apning 

The  substrate  side  of  the  sample  is  uniformly  lapped 
until  Che  sample  thickness  is  less  than  about  100  pm  (-  4 


mil)  . This  step  is  essential  for  a good  cleavage  of  the 
sample. 

3.4.6.  P-Tvoe  Qhmle  gontaer 

Foe  the  p-electrodef  200  %.  Cr 
deposited  sequentially  on  the  substrate 
evaporat ion . 

The  ohmic  materials  deposited  in  step  (4)  and  )6)  are 
alloyed  at  about  450  ^ for  about  3 min  In  a 90  I Ns  and  10  % 
Hj  environment. 

3.4.0.  Cleaving 

The  sao^le  is  oleaved  into  individual  chips  with  cavity 
length  of  300  pm. 


side  by  electron  beam 
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COMPLEX  DOMAIN  EFFECTIVE  I 


The  effective 
used  methods  id  th 
waveguides  and  tl 


4.1.  Introduction 

Index  method  Is  one  of  the  most  frequently 
analysis  of  the  optical  devices  such  as 
e semiconductor  laser  diodes  [Ranai4, 


BUUS823  . The  main  advantage  of  the  method  lies  in  its 
simplicity.  In  the  analysis  of  the  most  passive  guides,  a 
very  complioated  two-dimensional  problem  is  easily  handled  as 
two  one-dimensional  problems  in  the  real  domain.  However, 
this  real  domain  effective  index  method  has  some  limitations. 
The  refractive  index  is  in  general  a complex  number. 


especially  in  t 
interdependence, 
consider  Che  r 
refractive  index 

example.  In  the 
(XuroTSl,  I 
channel  doe 


not  be  possible  Co  separately 
imaginary  parts  of  Che  complex 
either  the  transverse  mode  or 


channeled  substrate  planar  (CSP)  lasers 
le  in  Che  region  outside  the 
solution  in  the  real  domain,  even 


chough  real  refractive  indices 
The  primary  reason  is  that 

radiation  , 


(no  loss  or  gain)  ace  assumed, 
the  modal  field  outside  Che 
due  Co  close  proximity  of  the 
active  layer,  < 


effective  inde*.  On  the  other  hand,  in  lateral  leahy  mode 
<enti-9uide)  structures,  which  has  received  considerable 
attention  recently  IBoteSa,  HawsSS,  Mawsa9)),  the  lateral 
mode  has  always  a complex  solution. 

In  this  chapter,  the  conventional  real  domain  effective 
index  method  is  extended  into  the  complex  domain.  In  the 
complex  domain  effective  index  method,  the  refractive  index 
is  assumed  as  a complex  number  due  to  either  gain  or  loss  and 


Che  solution  c 
complex  domain. 


constant) 


the  mode  is  iteratively  : 
is  a result,  the  effect  of  both  the  gain  and 
o account  automatically.  Previously,  complex 
we  mean  the  modes  with  complex  prcpagetion 
d cavity  have  been  calculated  to  analyse  the 
CSP  structure  (Kuro78,  Evanaa]  or  the  multi-clad  layer  (SHt) 
structure  [Amanae,  Chin82,  IshieiJ . However,  the  effect  of 
the  gain  may  be  significantly  large  to  change  the  structure 
itself  under  normal  operating  conditions.  For  example,  as  a 
result  of  the  active  layer  gain,  an  unbounded  lea)ty  mode  (non 
physical  solution)  at  cold  cavity  may  become  a bounded  mode 
with  a non-zero  active  layer  optical  confinement  IFesq861. 
This  chapter  mainly  deals  with  the  development  of  the  complex 
domain  effective  Index  method.  This  method  will  be  applied  to 
analyse  the  buried-ridge  striped  planar  structure  in  chapter 


equation 


this  section,  a very  general  N-layer  characteristic 

is  derived  in  Che  complex  domain.  The  characteristic 

equation  expressed  In  Che  real  domain  may  not  be  very  useful 

for  the  analysis  of  the  complex  mode  structures . The  complex 

domain  characteristic  equation  is  derived  by  using  a similar 

procedure  as  in  the  derivation  of  the  real  domain 

characteristic  equation,  except  that  the  refractive  index  is 

treated  as  a complex  number  given  by  either  loss  or  gain.  A 

very  general  M-layer  structure  shown  in  Figure  4.1  is 

considered.  In  the  structure,  the  m-th  layer  is  assumed  to 

have  chicleness  dm  (m  - 2.  . • . m_i  i .mu 

Mil  a,  , n_i)  ang  complex  refractive 

index  ni  (m  - 1,  m defined  by 


*•  j(9m  - an) /(2k) 


)t  ■ 2 It/J.  is  Che  free  space  propagation  o 
e wavelength,  and  n.,  a„,  and  g„  are  real  refractive 
loss,  and  gain  in  the  m-ch  layer,  respectively.  He 
that  the  field  varies  along  z direction  as 


exp(  j (me  - p„z)  ) 


where  end 
propagac ion 
in  general. 


I 0)  are  the  angular  frequency  and  Che  longitudinal 
constant,  respectively.  In  semiconductor  lasers, 
Che  lasing  modes  have  dominantly  TE  polarization, 
3 mode  has  lower  threshold  than  the  TH  mode.  For 


Figure  4.1  A general  K-layer  structure.  The  d„  and  ni  are 
the  thiclcness  and  refractive  index  of  the  m-th 
layer,  respectively. 


transverse  electric 


of  the  structure  of  Figure  i.l 


expressed  by  (Smlt77) 


f CiexpijKix) 
|c;;;egi(-j>i,(x-£di))  ♦ 

j I^C^i^XjKnCx-^di)) 

[ CBen>(-Jig,(x-2diJ) 


(X  < 0) 

(IS  - 2,  • -.N-lj  £di<  X <-^di)  (4.3) 

("  > I 


I layer  transverse  propagation 


uniformly  defined  by 


1^  -(OtnJjZ-  p2)i/2 


For  the  TH  mode,  the  transverse  magnetic  field  H(x)  can 
be  expressed  in  a similar  fom  as  in  the  equation  (4.3).  By 
applying  boundary  conditions  at  various  interfaces,  the 
following  characteristic  equation  is  obtained. 


exp(rjK,^) 


where  u ■ Ref — * * Sinl^an)  * - fnn»wi)A»nl 

i,Bn-lHfnSl  - fmnSoH)  * (fuftll  ♦ fltruWl) *|IIH ) J 


' iovlIWL) 


t (fsfttt  + fBfl’Wl)^ljJ 


(4.7) 


- tjlCi)  * (ti«.iiC|«i  t fiKi)B<-iexpM2K.cUI 

(i  - m-ii 


3^  . (tziQ  - tilCi) 
(t!K2  - flKl) 


_ ItjlCj  - titlKuit  * (fjKj  4 fuiKuilAui 

(fiKi  + fwiXlM)  t (fiKi-  flnKi*l)Al*i®*'’'”’2’=l‘‘i' 


|(l/nj)2  for  TM  mode 


(4.12) 


{arctan(v/u) 
arctan(v/ul  + m 


In  the  derivation  of  tl 
the  m-th  layer  was  uaed  as  i 
form  of  the  characteristic 
mode  which  has  a peak  is)  in 
ceferenee  layer  may  depend 

multiple  solutions,  and  thui 


he  characteristic  equation  (4-5), 
a reference  layer.  The  particular 
equation  is  preferred  to  find  a 
the  m-th  layer.  The  choice  of  the 


the  equation  (4.5)  has  in 
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solution  easily  hops  from  one  branch  to  another  during  mode 
search  process.  By  talcing  logarithm  (inverse  of  the 
exponential  function)  of  the  equation  H.5),  an  Inverse  fora, 
of  the  characteristic  equation 


In  (u2 


jv)  t Hit 


is  obtained,  in  equation  (■ 
order  when  N,  the  nisrher  o 
and  M,  the  equation  (4.14) 
the  equation  (4.S). 


.14),  the  integer  M is  not  .necessarily  mxte 
layers  is  larger  than  three.  With  fixed  m 
las  a single  solutiesi  and  is  preferted  over 


It  is  noted  that  the  TE  polsriiation  in  the  transverse 
waveguide  is  seen  as  the  TM  polarisation  in  the  lateral 
waveguide.  Thus,  in  the  lateral  mode  analysis,  the 
characteristic  equation  for  the  TM  mode  would  he  used.  In 
this  case,  the  transverse  parameters  dm  and  n"  in  the 
equations  (4.5)-(4.i4l  should  be  replaced  by  the 
correapondlng  lateral  parameters. 


Muller  method  ii 
complex  roots  IContSO, 
approximation,  baaed  c 
roots  are  sought . A r 


.3.  Mu))er- 

a very  powerful  algorithm  to  find 
Srait??),  The  method  uses  a quadratic 
i three  points,  to  the  function  whose 
ot  of  the  quadratic  approximation  is 
root,  and  the  process  ia 


estimate 


repeated  iteratively.  Let  the  characteristic  function  be  f(p), 
whose  roots  are  sought  in  the  complex  J-plane,  and  let  Si-j, 
Pl-l,  and  Pi  be  three  points  in  the  neighborhood  of  a root.  The 
quadratic  approximation  P(p).  which  agrees  with  fip)  on  the 
given  three  points,  can  be  expressed  by  [ContSOJ 

f(P)  - f (&)  + f [Pi,  Pi-iJ  (P-  0ii  t f(gi,  ,p.  j.,  ,p_ 

■ fife)  + Clip-  Pi)  t trpi,  Pi.i,  pi.jKp-  pi)2 


- f:&.  Il-ii  t f[Pi,  pi_„  Pi^KPi- 

, ij  c,  tih.  cl  - fra.  b1 


Then,  the  next  best  estimate 


Pi*l 


roots  of  Ftp)  and  is  denoted  by 


Pltl  “ Pt  

Ci  i (ci  - «(Pi)ttpi,  Pi_,,  pi.j))i/2  <«-19) 

In  equation  H.19),  the  sign  is  usually  chosen  so  that  the 
magnitude  of  the  denominator  Is  as  large  as  possible.  This 
process  is  repeated  with  a new  set  of  three  points,  Pi-„  Pi. 
and  pi,i,  until  the  magnitude  I f(Pt,i)  | is  small  enough. 


Overall  flow 


cotDplex 


searclt  la 


4.4.  Branoh  .‘ioei^lfiratloo.ln  rhe  Bufrmoat  lavra 
In  general,  in  the  case  of  an  n-dlmensionel  polynomial 
functions,  Che  complex  roots  are  easily  found  by  the  Muller 
method.  However,  this  is  not  the  case  for  the  mode 
characteristic  equation.  The  difficulty  of  the  Muller  method 
in  the  complex  mode  search  is  often  related  with  the  branch 
specifications  in  Bquation  (4.4}  in  the  outermost  layers, 
where  only  one  of  the  two  signs  of  the  square  root  should  be 
chosen.  The  guide  lines  for  choosing  the  proper  branch  are 
dictated  by  physical  considerations  of  the  modes  or  the 
structures  [Smit??].  One  example  of  the  complex  mode 
structure  is  found  in  the  region  outside  the  channel  of  the 

lower  cladding  layer  (p-Gag ,s$Alo.33As)  is  not  thick  enough 
(poor  cladding),  and  the  mode  is  barely  Isolated  from  Che 
substrate  with  a higher  refractive  index.  As  a result,  the 
evanescent  tail  in  the  lower  cladding  layer  suffers  outward 
radiation  [5tre76) . However,  in  the  upper  cladding  layer 
(n-Gao.65Alo.3sAs)  which  is  assumed  very  thic)c,  the  evanescent 
tail  would  be  significantly  damped,  before  the  tail  sees  Che 
cap  layer.  These  arguments  nay  help  to  specify  Che  proper 
branches  for  the  transverse  propagation  constants,  K3  - 
(OtnJ)*  - and  K,  - (Ocnjj^  - p2)l/2.  in  the  layer  1 and 


layer  4 respectively. 


Figure  4.2 


r 


GaAs  (actvs  layer) 
p-GaAs  (substrate) 


Figure  4.3  An  exainple  of  the  complex  mode  structure.  The 
lower  cladding  layer  thickness  ds  is  relatively 
small  and  the  mode  is  not  confined. 


t n'  be  either  nj  or  nj, 
and  similarly  let  K be  either  *1  or  k«.  When  the  itacrnitude  of 
the  coo^leit  refractive  index  n*  is  relatively  small  (compared 
to  the  magnitude  of  the  complex  mode  index  N ■ p/x  of  the  mode 
which  is  sought) , the  would  usually  lie,  depending  on  the 
loss  in  the  outermost  layer,  either  in  the  second  <as  shown 
in  the  Figure  4.4(a))  or  the  third  quadrant  of  the  complex 
rS-plane.  In  this  case,  the  physical  consideration  tells  that 
the  mode  behavior  in  the  outecmoat  layer  should  be  dominated 
by  the  exponential  decay,  as  in  the  layer  1 of  Che  example 
structure  of  Figure  4.3.  The  transverse  propagation  c 
1C  with  larger  negative  imaginary  part  describes  i 
dominated  by  exponential  decay  and  is  named 


branch.  It  is  safe  to  specify  the  branchcut  (which  can  be 
specified  anywhere  mathematically)  as  far  away  from  the  as 
possible.  In  this  fashion,  the  may  not  cross  the  branchcut 
during  search  process  and  k will  remain  a single  valued 
function.  For  the  bounded  branch,  the  branchcut  is  specified 
along  the  positive  real  axis  of  the  K^-plane  and  the  Kwith  a 


negative  imaginary  part  is  chosen  as  the  proper  branch 
(physical  branch)  as  shown  in  Figure  4.4(a).  The  proper 
branch  K with  a negative  imaginary  part  will  specify  an 
exponentially  decaying  field  as  in  the  layer  1 of  the  example 
structure  of  Figure  4,3.  in  the  analysis  of  the  conventional 
guided  mode  structures,  the  bounded  branch  should  be 
specified  for  both  the  outermost  layers . 


Another  Important  branch  is  the  lealcy  branch  which  1 
I useful  to  describe  leaky  modes.  In  the  leaky  mod 
magnitude  of  the  complex  refractive  Index  f 
relatively  large  compared  Co  Che  magnitude  o 
le  index  N - p/k,  at  least  in  one  of  the  i 

usually  lie,  depending  on  the 
Che  first  or  fourth  Quadrant 
1 in  Figures  4 . < (b) -4 . « (dl . In 


i complex 


layers.  And  thus,  the  woi 
loss  in  Che  outermost  layer, 
of  Che  complex  Kf'plane  as  s 


this  case,  the  physical  consideration  tells  that  Che  mode 
behavior  in  the  outermost  layer  should  be  dominated  by  the 
outward  power  flow  (Taai86J , as  in  the  layer  4 of  the  example 
structure  of  Figure  4.3.  The  transverse  propagation  conatanc 
K with  s larger  positive  real  pate  describes  a wave  which  Is 
dominated  by  outward  power  flow  (propagating  outward)  and  is 
named  the  leaky  branch.  For  the  leaky  branch,  the  brancheut 
13  specified  along  the  negative  real  axis  of  K^-plane  and  the 
K with  a positive  teal  pate  is  chosen  as  Che  proper  branch  as 
shown  in  Figures  4 .4 (b) -4 . 4 (d)  . The  proper  branch  X with  a 
poeltlve  real  part  will  describe  a wave  propagating  outward 
as  in  the  layer  4 of  the  example  structure  of  Figure  4.3. 

The  field  described  with  the  leaky  branch  would  be 
either  bounded  or  unbounded  depending  on  the  loss  in  the 
outermost  layer  or  the  gain  in  the  active  layer, 
mode  structurea,  without  any  optical  gain,  the  j 
guide  layer  would  decrease  (due  to  the  optical  lea)cage)  as 
the  mode  propagates.  Similarly,  the  amount  of  the  leakage 


would  decrease 


Figure  4.4  Proper  branches  (K)  In  the  outermost  layers. 

(a)  Bounded  Branch  (guided  type) , 

(b)  Passive  unbounded  leaky  branch. 
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certain  angle  (TienTO)  would  not  experience  significant  loss, 
and  the  amplitude  would  not  change  considerably  along  the 
optical  path,  in  this  case,  the  field  (described  by  the 
proper  branch  X with  a positive  imaginary  part  as  specified 
in  Figure  4.4(b)),  would  grew  in  the  transverse  direction  as 
shown  In  Figure  4.5(a).  However,  when  Che  loss  in  Che 
outermost  layer  is  very  high  (Otn'j^with  large  Imaginary 
part)  as  in  the  case  shown  in  Figure  4.4(c),  the  wave 
propagating  outward  would  experience  significant  loss  and 
would  decay  more  rapidly  than  the  power  in  the  guide.  In  this 
case,  Che  field  (described  by  the  proper  branch  K with  a 
negative  imaginary  part  as  specified  in  Figure  4.4(c))  would 
look  to  decay  exponentially,  as  shown  in  Figure  4.5(b)  A 
lea)ty  mode  may  have  net  positive  mode  gain  with  a positive 
imaginary  part  as  in  the  case  shown  in  Figure  4.4(d))  when 
the  active  layer  gain  is  large  enough  to  overcome  the  mode 
loss  due  to  the  outward  power  flow,  in  this  case,  the  field 
always  bounded  as  shown  in  Figure  4.5(d),  even 
in  the  outermost  layer, 
or  the  lea)ty  mode  structures  Che 
>re  of  a fundamental  feature  than 
unboundedness  of  the  field.  If  Che 


outward  power  flow  is 
either  the  boundedness 


branoheut  along  the  positive  real  axis  as  in  Figure  4.4(a)  is 
used  for  the  lea)cy  mode  structures  (resulting  from  concerns 


regarding  t 


! boundedneas 
Jld  usually  lie  in  ' 
y type  branch!  may 


h process . 


e branchcuc. 


unboundedness  of  the  field) , tbe 
in  the  first  or  fourth  guadrant 
branchcuc  very  often 
n this  case,  the  complex  mode 
not  a continuous  function  along 


o thoroughly  analyze  a con^lex  s 
various  combinations  of  the  branches  should  be  tested  for  the 
two  outermost  layers.  In  general,  first  the  bounded  branches 
Should  be  specified  for  both  the  outermost  layers.  In  this 
fashion,  the  conventional  guided  type  mode  will  be  found 
first,  if  the  structure  supports  this  type  of  mode. 
Otherwise,  the  search  procedure  would  fell  and  a different 
set  of  branches  should  be  specified  (see  Figure  4.2).  For 
example,  if  the  structure  is  asymmetric,  we  should  specify 
the  bounded  branch  for  the  outermost  layer  with  smaller 
magnitude  of  the  refractive  Index  and  the  leaky  branch  for 
the  other  outermost  layer,  respectively.  If  the  procedure 
succeeds,  a mode  which  is  bounded  on  one  side  and  lea)ty  on 
the  other  aide  is  found.  In  this  type  of  mode,  in  general, 
inward  power  flow  (K  with  negative  real  part)  would  occur  in 
the  outermost  layer  where  the  bounded  branch  is  specified, 
and  outward  power  flow  would  occur  in  the  other  outermoat 

[Tamiaei.  If  the  lea)cy  branches  are  specified  for  both  the 
. layers,  lea)cy  modes  with  outward  power  flows  in 


found.  This 


known  as  the  co-leaky  mode  [Taml861,  and  i 
lossy.  If  a new  mode  Is  found,  the  mode 
exampie,  by  plotting  the  mode  profiles.  Ii 
acceptable,  appropriate  adjuatments  li 
parameters,  such  as  the  reference  layei 
initial  points,  are  made  (see  Che  flew  chart 


general  is  very 
evaluated,  tor 


the  important 
branches,  and 
n Figure  4 .2) . 


In  the  complex  domain  effective  index  method,  most 
Importantly,  the  refractive  index  la  created  as  a complex 
number  either  by  gain  or  loss  as  seen  in  equation  (4.1). 
Injected  carriers  confined  in  the  active  layer  give  rise  to 
the  optical  gain.  The  active  layer  gain  g(y)  ia  related  to 
Che  injected  current  density  J(y)  (Butl82,  Ster"76| 


(4.20) 


where  the  active  layer  thickness  d is  in  pm, 
ka/cm2.  and  g(y)  is  in  cm->.  in  general,  the  actU 
g is  y-dependent,  since  the  current  density  is 
due  to  the  lateral  current  spreading.  Yoneru  et. 
estimated  Che  current  density  profile  J(y)  by 


J(y)  is  in 
re  layer  gain 
not  uniform 
al.  [Yone731 


J(yJ 


(lyl-S/2)/yoI^ 


(4.21) 


(lyl  < s/2) 
(lyl  > S/2) 


where  S ia  Che  current  stripe  width,  - (0. 1034/RyJ,)  is 
Che  characteristic  current  spreading  length,  Ry  is  Che 
lateral  current  spreading  resistance,  and  Ja  is  the  current 
density  under  the  stripe  which  is  assumed  uniform.  The 
optical  mode  would  also  experience  losses  due  to  scattering, 
free  carrier  absorption,  and  band-gap  absorption.  In  our 
cases,  overall  losses  of  20  cm"t,  1 cm"i,  and  8000  cm"'  are 
assumed  in  the  active  layer,  cladding  layer  and  substrate, 
respectively  [Kuro78,  Todo85] . The  gain  induced  refractive 
index  change,  Anj  may  be  included  in  the  real  part  of  the 
complex  refractive  index  of  equation  (<.!}.  An-  can  be 
expressed  by 


where  a is  the  line-width  enhancement  factor,  and  its 
measured  value  lies  between  2 to  6 in  GaAs/GaAlAs  lasers 
lOsinaT)  . 

Upon  substituting  the  values  for  the  complex  refractive 
index  in  each  layer,  the  complex  mode  index  Is  calculated  by 
solving  the  transverse  mode  characteristic  equation.  In 
general,  the  complex  effective  index  would  not  be  uniform  in 
the  lateral  direction,  since  the  current  density  J ia 
y-dependent  as  seen  in  Equation  H.21J.  The  non-uniform 
current  density  profile  J(y)  is  often  sliced  into  an 
appropriate  number  of  sections,  and  usually  a piecewise 


uniform  approximation  would  be  made,  for  example,  the 
soven-aection  piecewise  uniform  current  density  profile 
[LeeaSaJ  shown  In  Figure  4.6  may  be  used.  By  solving  the 
transverse  mode  characteristic  equation  in  each  section  of 
the  piecewise  uniform  current  density,  a similar  piecewise 
uniform  complex  transverse  effective  index  profile  H,(y)  - 
5xiy)/h  is  obtained.  The  lateral  mode  analysis  involves 
solving  the  lateral  mode  characteristic  equation  determined 
by  the  piecewise  uniform  complex  effective  index  profile 
N,(y) . 


4.6.  Mode  CaTHQ 

In  the  analysis  of  the  lasers,  one  of  the  most  important 
step  Is  to  estimate  the  mode  gain  (modal  gain)  , In  the 
conventional  approach,  the  mode  gain  is  usually  estimated  by 
the  overlap  integral  of  the  gain  profile  and  mode  profile. 
For  example.  In  a standard  double  heterostructure,  the  mode 
gain  Is  estimated  by 


fg(x) IE(x) |2dx 
JlE(x) |2dx 


where  d is  the  active  layer  thicitness.  When  the  gain  is 
uniform  in  the  transverse  direction  in  the  active  layer  (g(x) 


usually 


equation  (4.23)  is  sioplifled 


■ Ts  (4.24) 

where  T-  ||E(x)|2dx  / J|E(x)|2dx  is  the  active  layer  optical 

confinement  factor-  More  accurately,  the  mode  gain  Sx 
estimated  by  equation  (4.23)  is  the  ttansverse  mode  gain, 
since  it  may  hold  only  for  nodes  with  infinite  width.  In  the 
practical  narrow  stripe  devices,  the  modes  would  experience 
nonuniform  gain  in  the  lateral  direction,  and  the  mode  gain  6 
may  be  estimated  by 


,y)  (E(x,y) 


However,  the  overlap  integral  in  equation  (4,25)  is  usually 
very  difficult  to  evaluate,  since  the  mode  profile  is  not 
)enown  in  the  lateral  direction.  Another  problem  is  that  the 
mode  gain  is  usually  overestimated  in  the  lea)cy  mode 
structures,  sinoa  the  overlap  integral  does  not  ta)ie  into 


structural 


account  tbe 
radlat ion. 

In  the  conplea  domain  effective  index  method,  Che 
transverse  mode  gain  G,  and  mode  loss  fix  are  simply  defined  by 

Gx(y)  “ -a,(y)  - 2Im(9,(y))  - 2ic  • Im(Nx(yl  I (4.26) 

and  is  y-dependent.  Similarly  the  overall  node  gain  6 and  the 
mode  loss  A are  defined  by 


(4.27) 


where  Py  is  the  lateral  mode  longitudinal  propagation  constant 
which  is  obtained  by  solving  the  lateral  mode  characteristic 
equation,  and  Sy  - 9y/)c  is  the  lateral  mode  effective  Index. 


by  both  the  overlap  integral  method 


mode  loss  estimated 
and  the  complex  domain 


effective  index  method  are  shown  in  Figure  4.7  and  4-8 
respectively.  In  these  figures,  T„  is  the  optical  confinement 
factor  in  the  m-th  layer.  When  the  lower  cladding  layer  In 
the  structure  of  Figure  4.3  is  thick  enough  (dj  > 1.5  )lm), 
the  structure  can  be  ssfeiy  assumed  as  a three  layer 
structure.  In  the  three  layer  ease,  the  mode  gain  or  loss 
estimated  by  the  two  different  methods  are  relatively  in  good 
agreement . In  the  overlap  Integral  method,  the  overlap  in  the 
central  (active)  layer  is  as  effective  as  that  in  the  outer 
(cladding)  layer  to  contribute  to  either  tlie  mode  gain  or 


mode  loss,  while  in  the  complex  domain  effective  index  method 
Che  overlap  in  the  central  layer  is  more  effective  than  chat 
In  Che  outer  layer.  Thus,  Che  overlap  integral  method 
slightly  underestimates  the  mode  gain  {given  by  the  active 
layer  gain)  as  shown  in  Figure  4.7,  while  slightly 
overestimates  the  mode  loss  (given  by  the  cladding  layer 
loss)  as  shown  in  Figure  4.8. 

Figure  4.9  shows  the  mode  gain  as  a function  of  the 
lower  cladding  layer  chiOcness  ds.  The  mode  gain  estimated  by 
overlap  Integral  does  not  change  significantly  as  the 
cladding  layer  thicjiness  decreases.  However,  Che  mode  gain 
estimated  by  Che  complex  domain  effective  index  method  drops 
very  rapidly  at  smaller  cladding  layer  thickness.  This  higher 
mode  loss  at  smaller  cladding  layer  thickness  Is  well 
understood  as  Is  the  case  with  output  prism  coupler  ITienlO] 
where  the  waveguide  structure  is  very  similar  to  that  in 
Figure  4-3.  The  reason  for  the  discrepancy  of  Che  two  methods 
at  small  cladding  layer  thickness  is  that  Che  overlap 
integral  approach  does  not  cake  into  account  the  structural 
loss  (such  as  optical  leakage) . The  factor  r292  represents 
only  Che  gross  contribution  to  the  mode  gain  (T2  is  the 
optical  confinement  factor  in  the  active  layer  (layer  2)). 
Thus,  the  overlap  integral  method  is  good  only  in  the 
conventional  guided  mode  regime  where  the  structural  loss  is 
negligible.  However,  in  the  complex  domain  effective  index 


absorption 


Active  Layer  Gain  gg(crTT’) 


Transverse  node  gain  estimated  by  both  overlap 
integral  method  and  complex  domain  effective 
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Cladding  Layer  Losses  a,  = ag(cm'’) 


Transverse  node  loss 
integral  method  and 


complex  domain  effective 


Transverse  node  gain  as  a funccion  of  the  lower 
cladding  layer  ChlcJcness  dj. 


automatically 


account,  aince 


raCractlve  index 


a complex  number. 


In  this  sense,  the  aains  estimated  by  equation  (4.261 
and  (4.27)  are  net  mode  gains.  The  overlap  integral  approach 
can  also  be  extended  to  estimate  the  net  mode  gain  by 
Including  the  effect  of  the  optical  radiation  and  absorption. 
The  optical  radiation  would  die  out  in  the  substrate  (layer 
4)  eventually,  due  to  the  band  to  band  absorption.  Thus,  Che 
net  mode  gain  may  be  estimated  by  overlap  integral  as  r2(gj- 
®2l  ■ Tiai  - Tjas  - T4a(  (r„  is  Che  optical  confinement  factor 
in  the  m-th  layer).  The  net  mode  gain  estimated  by  the 
overlap  integral  is  relatively  in  good  agreement  with  that 
estimated  by  the  complex  domain  effective  index  method  as 
compared  in  Figure  4.6.  However,  one  of  the  problems  in  the 
overlap  Integral  approach  is  chat  Che  mode  profiles  should  be 
estimated  by  an  independent  method.  Sometimes  the  overlap 
integral  would  not  be  available  as  in  the  ease  of  the 
unbounded  leaky  modes,  even  though  the  mode  profiles  are 


Figure  4.10  shows  the  variations  of  the  overall  mode 
gain  G as  a function  of  the  piecewise  uniform  active  layer 
gain  (whose  plateau  value  is  g^  - 45^  - 190)  for  an  example 

of  the  BRS?  structure.  The  threshold  is  achieved  when  the  net 
mode  gain  is  equal  to  the  output  mirror  loss,  ^ln(^)  (L  snd  R 

are  the  length  and  the  intensity  reflectivity  of  the  esvlty 


Active  Layer  Gain  with  Plateau  Value  gg(cm''') 


Figure  <.10  Overall  mode  gain  as  a function  of  the  active 


respectively) . TBe  threshold  current  density  a 
injection  stripe,  Jsth  is  determined  by  |yone73] 


2ye/S) 


2yo/S)  (4.28) 


where  gath  Is  the  threshold  active  layer  gain  as  shown  in 


in  order  to  estimate  the  external  differential 
efficiency,  T)ext,  the  gross  node  loss  should  be  estimated  in 
addition  to  the  net  mode  gain  (output  mirror  loss) . The  gross 
mode  loss  (resulting  from  such  as  the  optical  lea);age, 
absorption,  and  scattering)  is  the  mode  loss  determined  by 
the  structure  itself.  In  the  complex  domain  effective  index 
method,  the  structural  loss  la  estimated  approximately  as  the 
mode  loss  determined  with  no  active  layer  gain,  since  the 
mode  gain  is  relatively  linear  with  the  active  layer  mode 
gain  as  shown  In  Figure  4,10.  In  reellty,  the  relationship 
between  mode  gain  G and  the  active  layer  gain  g,  la  not 
strictly  linear,  since  the  added  gain  (complex  refractive 
index)  changes  the  structure  itself.  The  nonlinear 
relationship  between  mode  gain  G and  the  active  layer  gain  g» 
is  more  severe  when  we  assume  the  gain  induced  refractive 
index  change  inc.  Thus,  in  general,  Che  structural  loss 
(cavity  loss)  at  chreahold  is  estimated  by  linear 


extrapolation  between  two  points,  i.e.. 
By  usins  the  extrapolation,  the  cavity  1 


■ geth’Sa/9g  - ^ 


where  Se/g,  is  the  slope  of  the  mode  gain  vs.  active  layer 
gain  curve  at  threshold  as  shown  in  Figure  i.9  and  is  given 
by 


Ss/g,  ■ <^g^>anc(g,th)  9e  • gecn  (fl.30). 

In  equation  (S.30),  the  derivative  is  taken  with  fixed 
Age 

Anc  so  that  the  structure  does  not  change  during  Che  slope 
evaluation.  The  external  differential  efficiency  tl„t  is  then 
expressed  by 


In  our  previous  work  ILeeaSa],  the  cavity  loss  he  was 
divided  into  two  parts,  i.e.,  the  mode  loss  due  to  the 
lateral  optical  leakage  and  mode  loss  due  to  the  internal 
absorption.  In  the  practical  narrow  stripe  devices,  the  mode 
loss  due  to  optical  leakage  plays  a dominant  role  compared  to 


tbe  node  loss  due  Co  the  absorption,  since  the 
optical  lealtage  increases  very  rapidly  as  the  scripe  width  S 
decreases  tLeeSSal.  It  is  noted  that  the  lateral  optical 
leakage  is  relatively  large  even  in  the  positive  index  step 
structures  as  a result  o£  the  gain  induced  retractive  index 
change  An^,  The  detailed  calculation  results  for  Che  BBSP 
structure  will  be  presented  In  chapter  5. 


The  complex  domain  effective  Index  method  has  been 
developed  by  extending  the  conventional  real  domain  effective 
index  method  into  the  complex  domain  in  straight  forward 
fashion  by  assuming  complex  effective  indices  give  by  either 
gain  or  loss.  The  complex  domain  effective  index  method  is 
very  powerful  for  the  analysis  of  both  the  conventional 
guided  mode  structures  and  Che  leaky  mode  structures.  A very 
general  H-layer  complex  domain  characteristic  equation  was 
derived  for  both  the  transverae  mode  and  the  lateral  mode  and 
aolved  by  the  the  Muller  method. 

Two  types  of  branches,  i.e.,  the  bounded  branch  and  the 
leaky  branch  were  introduced  to  describe  the  field  In  the 
outermost  layers.  The  leaky  branch  is  extremely  useful  to 
describe  Che  field  in  the  outermost  layer  where  optical 
radiation  cakes  place.  It  is  noted  chat  the  mode  search  with 
Che  conventional  branch  specification  (by  either  Che  bounded 
type  and  unbounded  type  branch)  often  fails  in  the  leaky  mode 
structures. 
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In  the  leaky  mode  structures,  the  mode  gain  is  ot 
overestimated  by  the  conventional  overlap  Integral,  since 

However,  in  the  complex  domain  effective  Index  method, 
effect  of  the  structural  loss  is  automatioaily  included 
well  as  the  effects  of  both  loss  and  gain. 


CHAPTER 


ANALYSIS  or  THE  BURIEB-BIDGE-SIRIPED  PLANAR  STBOCTURE 


In  this  chapter,  the  buried-ridge  striped  planar  IBRSP) 
structure  Is  analysed  by  using  the  ccnplex  domain  effective 
index  method  developed  in  chapter  4.  A ettueture  ulth  either 
a negative  or  a complex  effective  index  step  can  easily  be 
analyzed  by  using  the  complex  domain  effective  index  method. 
The  BBS?  structure  can  incorporate  virtually  all  of  the 
effective  index  steps,  such  as  complex,  negative,  and 
positive  index  steps,  since  the  Al  mole  fraction  of  the 
current  blocking  layer  can  be  variedly  almost  independently 
from  that  of  the  burled  ridge  which  become  a part  of  the 
lower  cladding  layer.  A schematic  diagram  of  the  BRSP 
structure  which  shows  Important  parameters  la  reproduced  in 
Figure  5.1. 


The  BRSP  scructuro  can  be  divided  laterally  into  two 
regions,  l.e.,  the  region  Inside  the  buried-rldge-stripe  and 
the  region  outside  the  stripe.  The  stripe  region  can  be 
analyzed  as  a four  layer  structure,  since  the  mode,  in 
general,  la  well  confined  in  the  buriad-ridge  layer.  However, 
In  the  region  outside  the  stripe,  the  transverse  mode  may  not 
be  confined  enough  in  the  current  blacking  layer  depending  on 
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GaAs(active  fayer) 
p-Ga  Al^  As 
n-Ga  Ai  As 
p-GaAs 


p-GaAs(substrate) 


Figure  5.1  A schenatlc  diagram  of  the  BASF  structure.  The 
Xr.  Yt  and  z are  Al  mole  fractions  in  the 
buried-rldge,  current  bloohlng,  and  lower 
cladding  layer,  respectively,  and  the  d«,  d^,  dy, 
and  di  ate  the  thicknesses  of  the  buried-ridge, 
current  blocking,  and  lower  cladding  layer 
respectively.  If  not  specified  otherwise,  we 

d,  - 0.3  po,  » - 0.35,  upper  cladding  layer  Al 
mole  fraction  - 0.3S,  and  wave  length  X • 0.88 


Che  current  blocking  layer  refractive  index  n,  and  thickneaa 
dy.  In  this  case,  the  effect  of  the  substrate  can  not  be 
neglected  any  raote,  and  therefore,  Che  region  outside  the 
stripe  should  be  analyzed  as  a five  layer  structure. 
Previously,  a four  layer  structure  was  analyzed  in  the  study 
of  the  channeled  substrate  planet  (CSP)  structure  IKuro78 
Evan88).  In  general,  the  analysis  of  a five  layer  structure 
is  much  more  conplicated  than  that  of  the  four  layer 


Indeed,  the  current  blocking  layer  refractive  index  ny 
is  an  important  parameter  that  determines  the  modal  behavior 
outside  the  stripe.  The  Index  ny  can  is  related  to  the  A1 
mole  fraction  y as  shown  in  Figure  5,2.  The  curve  was 
obtained  by  interpolating  the  measured  data  by  Casey  et  al 
[Case74).  Figure  S.3  shows  the  complex  mode  indices  as  a 
function  of  the  current  blocking  layer  refractive  index  ny  for 
three  modes  (M  - 0,  1,  2)  found  outside  the  stripe.  For  the 
sake  of  convenience,  Che  range  of  the  current  blocking  layer 
refractive  index  ny  is  divided  approximately  into  three 
cases,  i.e.  lower  refractive  index  case  (n,  < 3.42).  medium 
refractive  index  case  (3.42  < ny  < 3.5),  and  higher 

refractive  index  case  (ny  > 3.5).  The  mode  profiles  for  the 
three  modes  (M  - 0,  1,  2)  in  the  three  separate  cases  are 
shown  in  Figures  5.4-5. 6,  respectively. 

In  Che  lower  current  blocking  layer  refractive  index 
case  (ny  < 3.42),  the  M - 0 mode  has  a relatively  large 


active  layer  optical  confinement,  since 


Refractive  Index  n (A.  = 0.88  urn) 


GaAIAs  Al  Mole  Fraction  x 
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rigure  S.2  The  relationship  between  refractive  Index,  n 
Al  mole  fraction,  x for  GaAIAs  layer 
wavelength  X - 0.66  jira  [CaaeUl, 
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Figure  5.3  The  complex  mode  index  as  a function  of 
^v“®nt^bloeking  layer  refractive  index  Uy, 


dsmpeci  in 
radiation) 


the  current  blocking  layer  tnegllglble  eubatrate 
as  shown  in  Figure  5.4(a),  However,  the  M « 1,  2 
largely  confined  in  the  current  bloOcing  layer  as 
Figures  5.4(b)  and  5.4(e).  For  these  modes,  Che 


effect  of  the  substrate  cannot  be  neglected  and,  in  general, 
significant  radiation  occurs  into  the  substrate  with  the 
higher  refractive  index.  The  oscillatory  behavior  of  Che 
field  profile  as  shown  in  Figures  5.4(b)  and  5.4(c)  implies 
power  radiation.  As  a result,  the  transverse  mode  loss  for  M 
- I and  M - 2 modes  is  relatively  large  (complex  mode  index 
with  a large  imaginary  part)  as  shown  in  Figure  5.3(b). 


e stripe  region  (mar)ced  by 
the  H ■ 0 branch.  In  Che 


Figure  5,3,  Che  mode  in 
1 circle  (o))  is  located 
current  blocking  layer 


refractive  index  ease  (ny  < 3.42),  the  M - 0 mode  has  a very 
similar  mode  profile  as  in  the  stripe  region  while  the  other 
modes  are  very  much  distorted  (Figures  5.4(a)-(c)).  In  this 


mode  compared  to  the  higher  modes  <M  - 1,  2)  [ishlSl 

Chln82] . Therefore,  in  the  lower  current  blocking  layer 
refractive  index  case,  Che  K - 0 mode  is  a principal  mode  and 
the  higher  modes  can  be  neglected  in  Che  analysis. 

In  the  medium  current  blocking  layer  refractive  index 
case  (3.42  < ny  < 3.5),  even  the  M ■ 0 mode  has  significant 
mode  loss  (A*  > 500  om-1)  as  shown  in  Figure  5.3(b),  since  the 
mode  is  not  damped  in  the  current  bloc)ting  layer  as  shown  in 
Figure  5.5(a)  leading  to  a significant  subacrate  radiation. 
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■ield  Re(E(x)) 


In  this  region,  the  active  guide  individual  mode  line  is 

as  shovn  in  Figure  5.3(a) . Thus,  the  stripe  mode  will  have  a 
similar  mode  profile  with  the  M - 1 mode  compared  to  the 
other  nodes.  However,  in  this  case,  Che  M - 2 mode  may  not  be 
neglected  in  the  analysis,  since  the  M » 2 mode  with 
relatively  large  active  layer  optical  confinement  as  shown  in 
Figure  5.5(0)  have  a considerable  overlap  with  the  stripe 


In  Che  higher  current  bloc)ting  layer  refractive  index 
case  (ny  > 3.5),  the  M - 2 mode  shown  in  Figure  5.6(c)  has  a 
large  active  layer  optical  confinement  and  would  have 
significant  overlap  with  the  stripe  mode.  On  the  other  hand 
both  the  H - 0 mode  and  M - 1 mode  are  mostly  confined  in  the 
current  bloojting  layer  with  a negligible  overlap  with  the 
stripe  mode-  Thus,  in  the  higher  current  bloOting  layer 
refractive  index  case,  the  M - 2 mode  is  the  principal  mode 
and  the  other  two  modes  (M  - 0,  i)  can  be  neglected  in  the 
analysis. 

In  the  BRSF  structure,  the  built-in  effective  index  seep 
can  be  controlled  by  varying  the  refractive  index  of  the 
current  blocking  layer.  The  built-in  effective  index  step  6n 
is  defined  by 

where  N,  and  No  are  the  effective  indices  of  the  principal 
modes  at  cold  oavity  In  the  regions  inside  and  outside  the 


buried-tidge  stripe,  respectively.  This  built-in  effective 
index  step  is  very  in^rtant  to  control  the  lateral  mode  in  a 
narrow  stripe  geometry. 


In  the  lower  current  blocking  layer  refractive  index 
case  (ny  < 3.42),  the  effective  index  step  can  have  either  a 
positive  and  a negative  value  depending  on  the  ny.  If  the  n, 
is  larger  than  the  buried-ridge  layer  refractive  index  n„ 
the  effective  index  step  becoines  negative.  On  the  other  hand 
if  the  ny  is  smaller  than  the  burled  ridge  layer  refractive 
index  n^,  the  effective  index  step  becomes  positive.  The 
effective  index  steps  calculated  in  the  lower  current 


bloc)tlng  layer  refractive  i 


In  the  higher  current  blocking  layer  refractive  index 
case  (ny  > 3.5),  the  effective  index  step  has  complex  values 
since  the  principal  mode  (H  - 2)  in  the  region  outside  the 
stripe  has  complex  effective  index  with  a large  imaginary 
part.  The  complex  effective  index  step  (both  the  real  part 


and  the  imaginary 
refractive  index  c 


in  the  higher  current  blocking  layer 
calculated  as  shown  in  Figure  5.9. 
complex  effective  index  step  can  also  be  achieved  in 


the  medium  current  blocking  layer  refractive  index  case  (3.42 
< ny  < 3.50)  as  well,  since  all  the  modes  outside  the  stripe 
have  complex  effective  index  with  large  imaginary  part. 
However,  the  effective  index  step  may  not  be  almply  defined 
by  equation  5,1,  since  the  principal  mode  can  not  be  clearly 
defined  in  the  region  outside  the  stripe 


expla ined 
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Figure  5.7  Effective  index  step  variation  as  a function  of 
the  current  blocking  layer  refractive  index  ny 
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Figure  5.9 


Effective  index  step  variation  as  a function  of 
^»|^^'=«rrent  blocking  layer  thickness  da  (ny  - 


Mode  Loss  2klm(Ny)  outside  the  stripe  (cm "’) 


section  5.2.  In  order  to  analyte  mote  accurately,  all  the 
modes  outside  the  stripe  should  be  considered,  for  example, 
by  the  approaches  used  in  the  previous  study  of  the  separated 
nulti-olad  layer  (SKL)  structure  tAman86,  Chin82] . 

The  effective  index  step  for  cold  cavity  would  ohahtte  as 
a result  of  the  gain  Induced  refractive  index  change  An^. 
Figures  5.10,  5.11,  and  5,12  show  the  calculated  complex 
effective  index  profile  at  threshold  for  the  positive,  the 
negative,  and  the  complex  step  structure,  respectively. 
Either  in  the  positive  or  the  negative  step  structure  where 
the  substrate  radiation  is  virtually  eliminated  outside  the 
stripe,  the  imaginary  part  of  Che  effective  index  has  a 
relatively  small  step  between  inside  and  outside  the  stripe 
as  shown  in  Figure  5-10  and  5.11.  In  this  case,  the  real  part 
of  the  effective  index  step  is  primarily  responsible  for  the 
lateral  mode  stablliration . However,  in  the  complex  step 
structure  with  significant  substrate  radiation  outside  the 
stripe,  Che  imaginary  part  of  the  effective  index  has  a very 
large  step  between  inside  and  outside  Che  stripe  as  shown  in 


Figure  5.12  collared 
the  negative 
structure,  the  lateral  m 
gain  Induced  refractive 
part  of  the  effective  i 


sse  of  either  the  positive  or 
Thus,  in  the  complex  step 
relatively  stable  even  chough 
change  dnc  affects  the  real 
;ep  lEvanSS,  LeeSSal . Similar 
BS  have  been  observed  in  other  complex  Index  step 
tKuro78,  Haya62,  Hama85,  yang85,  Kaws8S| , 


Lateral  Displacement  y (pm) 


Lateral  Displacement  y (pm) 


Figure  S.IO  The  complex  effective  Index  distribution  at 
threshold  (y  - j - 0.40,  positive  step). 
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Lateral  Displacement  y (jim) 


Lateral  Displacement  y (pm) 


The  complex  effective 
threshold  (y  - r - 0.30, 


Index  distribution  at 
negative  step) . 


Lateral  Displacement  y (pm) 


Figure  5.12  The  complex  etfective  index  distribution  at 
threshold  (y  » 0.10,  complex  step). 


Another  important  point  is  that,  in  the  positive  step 
structure,  the  positive  step  in  the  real  part  o£  the 
effective  index  may  shift  to  the  negative  step  as  shown  in 
Figure  5.10(a),  as  a result  of  the  gain  induced  refractive 
index  change  hne.  However,  in  the  negative  step  structure 
(Figure  5.11(a)),  the  Aop  actually  increases  the  size  of  the 
negative  step.  Thus,  in  the  negative  step  structure,  the 
optical  characteristics,  such  as  the  threshold  and  Che  mode 
loss  may  not  be  very  sensitive  to  Che  An^  when  compared  with 
the  positive  step  structure - 


In  this  section,  experimental  results  are  presented. 
Figure  5.13  shows  Che  light  output  vs.  drive  current 
characteristics  and  the  far  field  patterns  for  both  Che 
negative  step  structure  (N-BRSP)  and  the  positive  step 
structure  (P-BRSP) . The  negative  step  structure  suffers  a 
large  mode  loss  due  to  the  lateral  optical  leakage,  and  thus 
the  threshold  current  for  the  negative  step  structure  is 
usually  larger  chan  that  of  Che  positive  step  structure  as 
shown  in  Figure  5.13.  In  general,  Che  negative  atep 
structures  exhibits  very  unstable  lateral  modes  compared  to 
Che  positive  step  structures,  even  though  unstable  lateral 
modea  are  often  observed  in  the  positive  step  structure  as 
well.  The  unstable  lateral  modes  with  relatively  large  stripe 
width  (5)1111)  both  in  the  negative  atep  structure  and  the 
positive  step  structure  are  expected  since  the  imaginary  part 
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rigure  5.13  The  optical  characteristics  of  both  the  negative 
step  (N-BRSPJ  and  positive  step  (P-BBSP) 
structures . 


l30mW 


imw” 


complex  effective  ii 


relatively 


between  Inside  and  outside  the  stripe  compared  to  that  of  the 
complex  step  atructure.  As  expected,  in  Che  negative  step 
structure,  the  cwo-lobed  far  field  pattern  shown  in  Figure 
5.13  is  often  observed  [Kajm). 

Figure  5.14  shows  Che  typical  light  output  vs.  drive 
current  characteristic  and  the  far  field  pattern  for  the 
complex  step  BRSP  structure.  The  typical  threshold  current  of 
the  complex  step  struoture  is  larger  than  that  of  the 
positive  step  structure  but  smaller  than  that  of  the  negative 
step  structure.  In  general,  stable  lateral  modes  are  observed 
more  often  in  the  complex  step  structures  than  either  in  the 
positive  step  structure  and  the  negative  step  structure.  The 
stable  lateral  mode  in  the  complex  step  structure  is  due  to 
Che  large  imaginary  step  of  Che  complex  effective  index 
(EvanSe,  LeeBSal.  Figures  5.15-5.11  show  the  variations  of 
both  the  structural  loss  Ae  and  the  external  differential 
efficiency  T|eKc  as  a function  of  the  stripe  width. 


5.5 . nn 

The  buried-ridge  striped  planar  (BRSP)  atructure  has 
been  demonstrated  to  have  a very  wide  range  of  effective 
Index  steps,  i.e.,  the  positive  step,  the  negative  step,  and 
the  complex  step.  As  expected,  two-lobed  far  field  pattern 
was  observed  in  the  negative  step  structure  while 
single-lobed  far  field  pattern  was  observed  either  in  the 
positive  step  and  the  complex  step  structures. 


1 complex  Index 


In  the  conventional  CSP  type  laser  v 
step,  intense  heating  has  been  observed  in  Che  small  area 
over  the  channel  shoulder  ITodoBS,  Todoae),  However,  in  the 
complex  atep  BRSP  structure,  the  Gai-yRlyhs  current  blocking 
layer  with  minimized  bandedge  absorption  (as  a result  of  Che 
Increased  bandgapj  isolates  the  active  layer  further  away 
from  the  substrate  where  the  substrate  radiation  would 
Involve  absorption  and  heating.  Furthermore,  In  the  SBSP 
structure,  the  longer  optical  radiation  path  from  the  active 
region  to  Che  substrate  would  make  the  heating  effect  bee 
diffused  over  a wider  area. 

As  seen  in  Figures  5.15-5.17,  the  measured  values  of 
external  differential  efficiency  7i„t  are  relatively  smaller 
than  the  theoretical  values  which  seem  to  be  more  reasonable. 
In  Che  positive  step  structures.  Che  i]«xt  decreases 
significantly  as  we  assume  the  gain  Induced  refractive  index 
change  4nc  - -a (gtl901 / (2k|  aa  shown  In  Figure  5.15.  The 
positive  index  step  shifts  Co  a negative  atep  as  a result  of 
the  (Figure  5.10(al),  thus  the  structure  loss  A 

leading  to  a decreased  T|exf  The  line-width 


broadening  factor  ' 


geometry  dependent  [0sinS7, 


LeeBBsJ  , and  the  assumed  value  a 4 
However,  in  both  Che  negative  step  and 
atrueture,  the  ll,.t  is  less  sensitive 
relatively  low  measured  ll.^c  la  the  one  oi 
that  the  device  quality  is  not  very  good.  Th 
poor  device  quality  may  bo  found  in  the  la 


Ridge  Stripe  Width  (pm) 


Figure  5.15  The  structural  loss  Aj  and  Che  external 
efficiency  T]a„  sa  a function  of  the  stripe  width 
(positive  step) . 
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Figure  S.n  The  atructural  loss  As  and  the  external 
efficiency  as  a function  of  the  stripe  uldth 
(complex  step)  . 


External  Efficiency  ti 


refinement  due  to  the  primitive  LPE  system  and  boat  design, 
low  quality  substrate  (etch  pit  density  - - 10000  cm-2) , and 
the  lack  of  clean  room  faelllty. 


It  is  speculated  that  the  E 
of  importance  in  the  realitatlon  of  high  quality  linear  array 
lasers.  Previously,  linear  array  lasers  have  utilized  either 
Che  CSP  type  structure  (Bote831  or  the  BH  type  structure 
[Aokieil  as  shown  in  Figure  1.4  and  l.S,  respectively.  In  the 
CSP  type  linear  array  lasers,  the  significant  substrate 
radiation  loss  between  elements  1s  to  minimize  the  lateral 
coupling.  Similarly  In  Che  leaky  mode  coupled  BH  type  linear 
array  lasers  as  shown  In  Figure  1.5,  the  discontinuous  active 
layer  results  in  a significant  diffraction  loss  between 
elements  (without  guide  mechanismi  leading  to  a minimized 
lateral  coupling.  However,  in  the  BBSP  type  linear  array 
lasers  as  schematically  shown  In  Figure  5.18,  the  optical 
loss  la  negligible  between  elements  and  leads  to  strong 
Intetelemenc  coupling  which  is  essential  for  a stable  array 
mode  operation.  The  SUSP  type  linear  array  lasers  would  have 
the  flexibility  to  control  the  effective  index  step  with  some 
advantages  over  the  leaky-mode  coupled  array  laser  by  Botez 
et.  al.  (Bote8B)  which  requires  regrowth  on  a Gao . soAlo .loAs 


n-<3a,.yA^As  p-Gai.,A(.As 

p-GaAs  (substrate) 


CHAPTER 


SEPARATED  LARGE  OPTICAL  CAVITT  LASERS 


There  is  considerable  interest  in  increasing  the  output 
power  of  the  semiconductor  diode  lasers.  The  increased  output 
power  is  desirable  In  several  areas,  e.g.,  optical  recording, 
laser  printing,  space  communication,  and  the  pumping  of  solid 
state  lasers  [NaliaS] . One  approach  to  produce  large  output 
power  is  to  increase  the  mode  sise  in  the  transverse 
direction  IBotees,  Figuagj  by  using,  for  eKample,  a thin 
active  layer  (TAL)  or  the  large  optical  cavity  (LOCI . In  this 
chapter,  a novel  separated  large  optical  cavity  (SLOC) 
structure  |Lee89b,  LeeSOb]  shown  in  Figure  6.1(a)  is  proposed 
and  tested.  It  permits  the  increase  in  Che  effective 
transverse  mode  size  and  thereby  the  output  power.  The  modal 
behavior  la  explained  by  the  coupling  of  normal  modes  under 

In  the  conventional  Loc  structures  [Butl82],  the  carrier 
confinement  in.  the  active  layer  may  become  poor,  especially 
at  high  injection  levels,  due  to  the  reduced  energy  barrier 
between  the  active  layer  and  the  LOC  layer  with  relatively 
small  bandgap.  However,  In  the  SL(5C  structure,  a relatively 
thin  (0,3  |im|  p-Gao.s5Al1j.35Aa  layer  separates  the  active  and 
LOC  layer  providing  sufficient  barrier  for  the  confinement  of 
n-Cype  oarriere.  The  active  layer  carrier  confinements  in 
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/Ity  structure,  ^ 


conventional 


struccuce 


are  compared  in  Figure  6.2. 


The  five  layer  SKX  structure  may  be  considered  as  a set 
t strongly  coupled  waveguides  consisting  of  the  active  guide 


and  the  SLOC  guide.  As  the  twc 
other,  individual  modes  from  c 
presence  of  the  other  guide. 


guides  become  closer  to  ea 
le  guide  are  perturbed  by  t 


e composite  structure.  Figure  6 
3de  indices  as  a function  of  th 


normal  modes  o 
variation  of  t 
refractive  index. 

In  general,  as  the  SLOC  layer  retractive  index 
increases,  the  number  of  modes  increases.  As  an  example,  when 
the  SLOC  layer  refractive  Index  Is  3.499,  the  entire 
composite  structure  supports  the  three  modes  (M  - 0,  1,  2) 

are  essentially  the  perturbed  individual  SLOC  guide  modes  and 
are  mostly  confined  to  the  SLOC  layer.  However,  the  M - 2 
mode  (which  is  closer  to  the  active  guide  individual  mode 
line)  is  aesociated  with  the  individual  active  guide  mode, 
and  therefore,  has  higher  active  layer  optical  confinement 
(lower  threshold)  compared  to  the  other  two  modes.  This 
situation  will  change  as  the  refractive  index  of  the  SLOC 
layer  changes.  For  example,  when  the  SLOC  layer  refractive 
index  is  increased  to  3.45,  the  M - I mode  is  closer  to  the 
active  guide  Individual  mode  line  and  will  have  t 
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3 The  calculated  mode  Indices  as  a 
5L0C  layer  refractive  index. 
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Figure  6.4 


An  example  of  normal  modes  in  the  SLOC  structure 
(SIOC  layer  refractive  index  - 3.4991- 


active  layer  optical  confinement  (lower  threshold)  compared 


6-3.  Experlmenr. 

The  SLOC  scheme  was  applied  to  two  different  geometries; 
the  oxide-defined  stripe  structure  and  the  burled-ridge 
striped  planar  (BRSP)  structure.  The  oxide-defined  stripe 
SLOC  structure  (Figure  S.l(al)  was  prepared  by  sequentially 
growing  seven  layers  using  LPE  on  a (100)  oriented  p-type 
substrate  (8n-daped,  p - IXlQlS  cffl-3)  . The  seven  layers  were  a 
p-GaAs  (p  - IXIOH  om-3-  2 )im)  buffer  layer,  a p-6ao.65Alo.35As 

2X101’  cm-3.  1 nm)  SLOC  layer,  a 


(P  - axiol’  em-3, 
p-6ao.65Alo.15As  (p  - 


p-Gao.65Alo.35As  (p  - 2X101’ 
6aAs  (undoped,  0, 

2X101’  cm-5'  1.5  1 
2X10“  ciri-3.  I fun) 
thick  oxide  film 


pm)  separating  layer,  a 
I )lm)  active  layer,  a n-Gao.6sAlo.35As  (n  - 
n)  upper  cladding  layer,  and  a n-GaAs  (n  - 
contact  layer  respectively.  After  a 0.3  fun 
»as  deposited  on  the  n-slde,  a 10  jun  wide 
I opened  in  the  oxide.  In  the  case  of  the 
(Figure  6.1(c)),  the  growth  procedure  is 
the  regular  BRSP  structure,  except  that 
additionally  grown.  Metal  contacts  of 
•Ge/Nl/Au  and  Cr/Au  were  formed  on  Che  both  samples  for  n 
Ip  electrodes,  respectively,  The  sajaples  were  then  cleaved 
o individual  chips  with  cavity  length  of  300  fim.  The  chips 
e tested  using  pulsed  excitation  (pulse  width  ■ 0-3  fisec). 
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For  the  sake  of  comparison,  we  fabricated  non-SLOC 
lasers,  i.e.,  a standard  oxide-defined  stripe  double  netoro 
structure  laser  and  a standard  BRSP  laser.  The  dimensions  and 
growth  parameters  of  the  NON-SLOC  lasers  are  same  as  those  of 
the  corresponding  SLOC  lasers  respeetively,  except  for  the 
omission  of  SLOC  guides.  Figure  6.5  and  6.6  show  both  Che 
light  output  us.  current  characceriatios  and  the  transverse 
fat  field  patterns  for  the  oxide-defined  striped  SLOC 
structure  and  the  BBSP  SLOC  structure,  respectively.  In  Che 
both  SLOC  and  non-SLOC  oxide-defined  atripe  lasers,  the 
threshold  currents  are  relatively  high  aa  shown  in  Figure 
6.5,  because  of  the  severe  lateral  current  spreading  in  the 
relatively  thick  12.5  nn)  n-type  cladding  and  contact  layers. 
The  threshold  current  of  the  SLOC  oxide-defined  stripe  laser 
is  higher  chan  chat  of  the  non-SLOC  oxide-defined  stripe 
laser.  However,  the  maximum  available  output  power  of  the 
SLOC  laser  is  about  twice  that  of  the  non-SLOC  laser. 
Similarly,  as  shown  in  Figure  6.6,  the  maximum  output  power 


The  increased  output  of  Che  SLOC  lasers  with  accompanied 
Increase  in  the  threshold  is  can  be  understood  in  terms  of 
the  increase  in  the  effective  Cransverae  mode  site.  It  is 
believed  chat,  in  the  SLOC  structure,  the  high  gain  or 
gain-induced  nonlinearity  In  Che  active  layer  causea  coupling 
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Figure  S.5  The  light  output  vs.  current  characteristics  and 
the  transverse  far  field  patterns  in  the 
oxide-defined  stripe  Si<0C  structure. 


The  light  output  vs.  cucrent  chaiscterlstics  and 
the  transverse  far  field  patterns  in  the 
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among  Che  normal  modes.  This  is  expected  since,  in  general, 
the  power  orthogonality  in  a guided  wave  structure  fails  in 
c loss  [Chin&2] . In  a previous  study 
Suematsu  et.  al,  an  external  guide 


in-gulde  laser  b 


was  incorporated  to  couple  out  the  laser  beam  (SueralS] . 

The  mode  index  of  Che  individual  single  mode  active 
guide  (M  - 0)  is  3.41156,  while  the  mode  indices  of  the 
individual  SLOG  guide  are  3.48261  and  3.43545  for  H - 0 mode 
and  M - 1 mode,  respectively.  It  is  seen  chat  the  Individual 
active  guide  mode  (M  • 0)  index  is  closer  to  that  of  the 
first  order  mode  (M  - 1)  of  the  individual  SIOC  guide.  The 
interaction  of  Che  two  individual  modes  results  in  normal 
modes  M - 1 and  2 of  the  composite  structure.  The  calculated 
node  indices  of  the  composite  structure  for  M ■ 0 1 and  2 
are  3.482TS,  3.43180,  and  3.40718,  respectively.  If  coupling 
occurs  indeed,  it  is  more  likely  that  the  active  guide  mode 
of  the  composite  structure  (M  - 2)  couples  primarily  with  the 


overlap 


» significantly  larger  n 


B coupling  between  normal  i 
the  transverse  mode 
Figure  6.5  and  6.6  also  sboi 
field  patterns.  In  general,  the 
multilobed  far  field  patterns,  while 
show  single  lobed  far  field  patterns 


s may  be  verified 
: field  patterns. 


LOC  structures  show 
le  non-SLOC  structures 
expected.  Since  it  is 


believed  that  the  coupling  occurs  prinarily  between  norioel 
modes  M - 1 and  K • 2,  the  measured  transverse  far  field 
pettern  is  simulated  by  varying  the  power  ratio  Pi/Pg  (Pm  * 
power  in  the  M - m mode).  Figure  6. "7  (a)  shows  Che  calculated 
e far  field  patterns  for  M - 1 and  H « 2 modes  The 
Che  estimated  patterns  for  oxide-defined  stripe  SLOC 
! tends  to  illustrate  the  measured  patterns,  for 
example,  when  the  mode  power  ratio  is  assumed  to  Pi/Pj  - 
0.3/0. 7 as  shown  in  Figure  6.7(b),  It  is  noted  that  the 
actual  shape  of  Che  measured  transverse  far  filed  patterns 
varies  somewhat,  although  not  significantly,  from  chip  to 
chip;  the  multilobed  shape  is  conalstencly  observed  in  almost 


The  output  power  nay  not  be  increased  significantly,  if 
only  the  active  guide  mode  (H  - 2)  with  the  largest  active 
layer  optical  confinement  is  excited.  The  relative  mode  size 
(which  is  calculated  with  unit  peak  amplitude  in  active 
layer)  of  the  M - 2 mode  la  only  1.17  times  larger  than  that 
of  the  active  guide  individual  mode  of  the  non-SLOC  structure 
and  therefore,  twice  the  maximum  output  power  in  SLOC 
structures  is  not  achievable  without  power  coupling  to  the 


In  conclusion,  the  separated  largo  optical  cavity  (SLOC) 
scheme  is  demonstrated  to  effectively  increase  the  transverse 
mode  size,  and  thereby,  increase  the  maximum  output  power 
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Figure  6.7  Calculated  transverse 
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far  field  patterns  in  the 
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about  twice  that  of  non  SLOC  laaers.  It  is  shown  that  the 
high  gain  in  the  active  layer  seeras  to  cause  coupling  between 
normal  modes  of  the  conpcslte  structure  consisting  of  the 
active  guide  and  SLOC  guide.  It  Is  further  demonstrated  chat 
the  complicated  far-field  profile  can  be  understood  by 
superposition  of  the  normal  modes.  However,  the  analysis 
given  here  is  far  from  eomplete.  * quantitative  analysis  is 
necessary  to  understand  as  to  how  exactly  the  gain  couples 
the  normal  modes  of  the  system.  This  understanding  will 


enable  us  to  opcimire 
maximum  output  power 
field  pattern,  The 
applications  in  areas 


J well  as  improve  the  transverse  far 
IOC  structure  is  expected  to  find 
lere  the  beam  quality  is  not  critical. 


CHAPTER 


SUMMARY  AND  RECOMMENDATION 


Both  a novel  butied-rldge-atrlped  planar  (BRSP) 
structure  and  a novel  separated  large  optical  cavity  (SlOC) 
structure  were  proposed,  fabricated,  analysed,  and  tested. 

The  growth  of  the  BRSP  structure  was  performed  by  using 
a novel  two-step  liquid  phase  epitaxy  ILPE)  scheme  that 
involves  preferential  growth  and  melt-etch.  The  structure  can 


incorporate  a wide  range  of  effective  index  steps  Icomplex, 
negative,  and  positive),  since  A1  mole  fraction  In  the 
current  bloc)ting  layer  can  be  varied  from  that  of  the 
buried-ridge  which  becomes  a part  of  the  lower  cladding.  In 
the  BRSP  structure,  the  regrowth  problem  in  the  second  step 
bPE  is  minlmired,  since  only  the  small  area  of  a GaAlAs  (in 
the  side  wall  of  the  ridgei  is  exposed  to  air  during  the 
etching  process  to  form  the  ridge.  The  air-exposed  GaAlAs  in 
the  side  wall  doesn’t  impede  the  regrowth  seriously  (Tsu)i76]  . 

One  of  the  most  important  steps  in  the  growth  process  is 
the  preferential  melt-etch  of  Che  chin  GaAs  on  top  of  the 
ridge.  In  the  BRSP  structure,  the  GaAs  to  be  melt-etched  is 


located  in  an  area  with  convex  topography  where  the  melt 
would  be  less  supersaturated  and  thus  the  melt-etch  can  be 
performed  in  a melt  with  relatively  small  undersaturacion  (iT 


®C) . Therefore 


mole  fraction 


* 0.05)  GaAlAs  layer  (with  a slightly  smaller  melt-eteh  rate 
eot^areO  to  a Sehs  layer)  can  be  used  as  a nelc-etch  mask. 
However,  in  the  melt-etched  inner  striped  (MEIS)  structure 
{HataSSJ  in  which  a similar  neit-etch  scheme  was  used,  Che 
melt-eteh  should  be  performed  into  a relatively  deep  (3  |im) 
channel  where  the  melt  would  be  more  supersaturated  due  to 
Che  increased  concavity.  Thus,  in  the  MEIS  structure  the 
melt-eteh  is  performed  in  a melt  with  relatively  large 
underaaturation  (dT  - -S  oc)  probably  for  a relatively  long 
time.  Therefore  only  a large  A1  mole  fraction  (y  > 0.451 
GaAlAs  layer  with  a very  small  melt-etch  rata  can  he  used  as 


a melt-etch  mask.  One  problem  with  c: 
Che  built-in  effective  index  step 
only  a large  A1  mole  fraction  melt-« 

to  determine  Che  effective  index  ir 


3ry  much  fixed  with 
task  (the  refractive 
important  parameter 
region  outside  Che 


In  order  to  analyte  the  BRSP  structure,  the  conventional 
real  domain  effective  index  method  was  extended  into  the 
complex  doaiain.  A general  tJ-layer  characteristic  equation  was 
derived  in  the  complex  domain  and  the  equation  was  solved  by 
using  Che  Muller  method  [ContSOl . The  branch  specification  in 
the  outermost  layer  ia  an  essential  part  in  the  complex  mode 
search.  The  conventional  bounded  branch  is  useful  only  for 
guided  mode  which  is  bounded  in  Che  both  outermost  layers.  A 
new  branch  named  the  lea)cy  branch  was  introduced  to  describe 
Che  field  (either  bounded  or  unbounded)  in  lea)cy  mode 
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structures.  The  lesky  mode  field  in  Che  outermost  layer  is 
either  bounded  or  unbounded  depending  on  the  loss  in  the 
outermost  layer  or  Che  gain  in  Che  guide  layer. 

For  Che  lateral  mode  analysis,  a seven  section  piecewise 
uniform  approximation  was  used  tor  the  current  density  J(y) 
as  approximated  by  Yonesu  (Yone73].  In  the  complex  domain 
effective  index  method,  the  mode  gain  is  simply  related  to 
the  imaginary  part  of  the  complex  mode  index.  The  mode  gain 
estimated  by  Che  ccnvencional  overlap  integral  method  is  just 
the  gross  mode  gain  and  fails  in  leaky  mode  structures,  since 
the  structural  loss  such  as  the  optical  leakage  is  not  taken 
into  account . 


The  analysis  at  threshold  shows  chat  both  in  the 
positive  step  structure  and  the  negative  step  structure,  the 
imaginary  part  of  the  effective  index  exhibits  a relatively 
small  step  between  inside  and  outside  the  ridge.  Thus,  in 
this  ease,  the  lateral  mode  stabilization  is  primarily 
achieved  by  only  the  real  part  of  the  effective  index  step. 
However,  in  the  complex  step  structure,  the  imaginary  part  of 
the  effective  index  has  a very  large  step  between  the  stripe 
and  outside  the  stripe  region  compared  to  the  case  either  in 
Che  positive  or  the  negative  step  structure.  As  a result,  in 
the  complex  step  structure,  Che  lateral  mode  is  relatively 
stable  even  chough  the  gain  induced  refractive  index  change 
Ang  affects  Che  real  part  of  Che  effective  index  step. 


■1  separated  large  optical  cavity  (SLOCI 


standard 


in  Che  effective  transverse  mode  sire.  In  general,  the 
orthogonality  of  the  noriaal  nodes  fails  in  a guide  with 
complex  refractive  index.  In  Che  SLOC  structure,  Che  high 
gain  in  the  active  layer  causes  coupling  between  the  active 
guide  mode  and  the  SLOC  guide  mode  thereby  effectively 
increasing  the  transverse  mode  sire.  The  measured  far  field 
patterns  were  predicted  by  a linear  combination  of  Che  normal 


important  among 


which  need  further  study.  Most 


It  is  very  important  to  control  Che  thickness  of  Che 
layers,  most  Importantly  the  active  layer  and  the  lower 
cladding  layer,  since  those  thicknesses  are  directly  related 
to  the  magnitude  of  the  effective  index  of  the  structure.  For 
a reasonably  large  effective  index  step,  Che  lower  cladding 
layer  thickness  should  be  less  Chan  0.3  pm  and  Che  active 
layer  thickness  should  be  less  than  0.1  pm.  The  active  layer 
thicknesa  is  also  very  important  Co  determine  both  the 
threshold  and  the  transverse  mode  sire.  In  general,  in  double 
heterostructure,  Che  thinner  active  layer  provides  a lower 
chreehold  and  an  increased  mode  size. 


In  order  to  control  the  layer  thlckneaa,  the  growth 
parameters  auch  as  the  cooling  rate,  the  sopersaturation,  the 
melt  thickness,  and  the  growth  time  should  he  adjusted 
properly.  The  cooling  rate  used  In  the  second  step  tPE  was 
0.7  ®c/min.  We  have  found  later  in  the  experiment  that  the 
cooling  rate  can  bo  reduced  below  0.5  “C/itiin  without  a 
serious  growth  of  the  current  blocking  layer  over  the  top  of 
the  ridge.  In  general,  the  layer  thickness  can  be  controlled 
more  accurately  with  a reduced  cooling  rate. 

For  the  sake  of  completion,  some  modifications  of  the 
IPB  system  may  be  necessary  to  facilitate  easier  fabrication 
of  the  structure.  It  is  very  important  to  purge  the  reactor 
as  fast  as  possible  to  minimise  the  material  oxidation,  for 
example  either  by  attaching  a vacuum  pump  to  the  system  or  by 
significantly  increasing  the  H2  flow  rate  (currently  the 
maximum  H2  flow  rate  is  about  SO  cc/min  due  to  the 
diffusion-limited  operation  of  the  hydrogen  purifier) . A 
glove  box  may  be  helpful  to  minimire  the  contamination  or  the 
oxidation  of  the  materials  during  the  loading  process.  Our 
very  simple  boat  design  needs  to  be  modified  so  that  the 
source  materials,  especially  the  Al,  can  be  baked  separately 
to  minimize  the  inclusion  of  the  A1  oxide  into  the  melt. 


A significant  . 
characterization.  Th 
excitation  (pulse  wid 


3rk  is  needed  for  device 
) tested  using  the  pulsed 
:)  . A laser  grown  under  the 


better  oonSition  will  reduce  the  threshold  current  snd 
increase  the  etficiency,  and  the  device  may  be  mounted  on  a 
heat  sink  for  continuous  wave  (CW)  operation,  The  device 
oharaetetistica,  such  as  the  reliability,  the  lifetime,  the 
modulation  speed,  and  Che  llnewidth  would  be  better  tested 
under  the  condition  of  CW  operation. 


The  BRSP  structure  Is  speculated  to  have  a greater 
potential  for  linear  array  applications.  Both  the  negative 
step  and  the  positive  step  linear  array  geometry  may  be 
investigated.  The  minimized  coupling  lose  between  elements 


A quantitative  analysis  is  necessary  to  understand  as  to 
how  exactly  the  gain  couples  the  normal  modes  of  the  system. 
This  understanding  will  enable  us  to  optimize  the  SLOC 

improve  the  transverse  far  field  pattern. 
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